Influence of stress induction on trace mineral homeostasis and metabolism in ruminants by VanValin, Katherine
Graduate Theses and Dissertations Iowa State University Capstones, Theses andDissertations
2019
Influence of stress induction on trace mineral
homeostasis and metabolism in ruminants
Katherine VanValin
Iowa State University
Follow this and additional works at: https://lib.dr.iastate.edu/etd
Part of the Agriculture Commons, and the Animal Sciences Commons
This Dissertation is brought to you for free and open access by the Iowa State University Capstones, Theses and Dissertations at Iowa State University
Digital Repository. It has been accepted for inclusion in Graduate Theses and Dissertations by an authorized administrator of Iowa State University
Digital Repository. For more information, please contact digirep@iastate.edu.
Recommended Citation
VanValin, Katherine, "Influence of stress induction on trace mineral homeostasis and metabolism in ruminants" (2019). Graduate
Theses and Dissertations. 17111.
https://lib.dr.iastate.edu/etd/17111
Influence of stress induction on trace mineral homeostasis and metabolism in 
ruminants 
 
by 
 
Katherine VanValin 
 
 
A dissertation submitted to the graduate faculty 
in partial fulfillment of the requirements for the degree of  
DOCTOR OF PHILOSOPHY 
 
Major: Animal Science 
 
Program of Study Committee: 
Stephanie Hansen, Major Professor 
Elisabeth Huff-Lonergan 
Mary Drewnoski 
Nicholas Gabler 
Joshua Selsby 
 
 
 
The student author, whose presentation of the scholarship herein was approved by the 
program of study committee, is solely responsible for the content of this dissertation. The 
Graduate College will ensure this dissertation is globally accessible and will not permit 
alterations after a degree is conferred.  
 
 
 
Iowa State University 
Ames, Iowa 
2019 
 
 
 
Copyright © Katherine VanValin, 2019. All rights reserved. 
ii 
DEDICATION 
This dissertation is dedicated to my husband, Jacob VanValin, and to my parents, 
David and Teresa Oliver. 
iii 
TABLE OF CONTENTS 
Page 
NOMENCLATURE .......................................................................................................... vi 
ACKNOWLEDGEMENTS ............................................................................................. viii 
ABSTRACT ........................................................................................................................ x 
CHAPTER 1. GENERAL INTRODUCTION ................................................................... 1 
Dissertation Organization .............................................................................................. 3 
Literature Cited .............................................................................................................. 3 
CHAPTER 2. REVIEW OF THE LITERATURE ............................................................. 5 
Biological function and roles of Zn ............................................................................... 5 
Metabolic importance of zinc ................................................................................... 5 
Zinc absorption and metabolism .............................................................................. 5 
Roles of Zn in nutrient digestion and metabolism ................................................... 7 
Zinc metalloenzymes and metalloproteins ............................................................... 9 
Sources of supplemental Zn ................................................................................... 10 
Influence of Zn on nutrient digestibility ................................................................. 11 
Summary ................................................................................................................ 13 
Biological function and roles of copper ...................................................................... 13 
Absorption, metabolism, and excretion of Cu ........................................................ 13 
Copper metalloproteins .......................................................................................... 15 
Summary ................................................................................................................ 18 
The hypothalamic pituitary adrenal axis ..................................................................... 19 
Regulation of the HPA-axis ................................................................................... 21 
Activation of the HPA-axis by cytokines ............................................................... 22 
Activation of the HPA-axis in cattle production .................................................... 23 
Interactions between the HPA-axis and trace minerals .......................................... 24 
Summary ................................................................................................................ 27 
Lipopolysaccharide as an inflammatory and stress induction model .......................... 27 
LPS mechanism of action ....................................................................................... 28 
LPS and the innate immune response .................................................................... 30 
LPS effects on the animal immune response .......................................................... 30 
LPS effects on pro-inflammatory cytokine production in cattle ............................ 31 
LPS effects on the acute phase protein response .................................................... 33 
LPS effects on clinical signs of morbidity ............................................................. 34 
LPS effects on the HPA-axis .................................................................................. 35 
Potential interactions with LPS and zinc ................................................................ 36 
Summary ................................................................................................................ 37 
Feed restriction as a stress induction model ................................................................ 38 
Effects of feed restriction on gastrointestinal physiology ...................................... 40 
Effects of feed restriction on circulating metabolites ............................................. 42 
iv 
Interactions between feed restriction and immune and inflammatory 
activation ................................................................................................................ 44 
Interactions between feed restriction and trace minerals ....................................... 46 
Summary ................................................................................................................ 49 
Literature Cited ............................................................................................................ 49 
CHAPTER 3. TRACE MINERAL METABOLISM AND NUTRIENT 
DIGESTIBILITY IN LAMBS DURING AN ADRENOCORTICOTROPIC 
HORMONE CHALLENGE ............................................................................................. 69 
Abstract ........................................................................................................................ 69 
Introduction ................................................................................................................. 70 
Materials and Methods ................................................................................................ 71 
ACTH challenge and blood sampling .................................................................... 72 
Sample collection and analytical procedures ......................................................... 73 
Statistical analysis .................................................................................................. 74 
Results ......................................................................................................................... 74 
Plasma trace mineral and cortisol concentrations. ................................................. 74 
Daily trace mineral intake, excretion, apparent absorption, and retention ............. 75 
Nutrient intake, excretion, and digestibility ........................................................... 76 
Discussion .................................................................................................................... 76 
Conclusions ................................................................................................................. 82 
Literature Cited ............................................................................................................ 82 
CHAPTER 4. INFLUENCE OF SUPPLEMENTAL ZINC CONCENTRATION 
ON THE CIRCULATING TRACE MINERAL STATUS AND BLOOD CELL 
POPULATIONS OF STEERS DURING A LIPOPOLYSACCHARIDE 
CHALLENGE ................................................................................................................... 91 
Abstract ........................................................................................................................ 91 
Introduction ................................................................................................................. 92 
Materials and Methods ................................................................................................ 93 
Experimental design and sample collection ........................................................... 93 
Lipopolysaccharide challenge ................................................................................ 94 
Blood sample analysis ............................................................................................ 96 
Feed analysis and determination of dry matter intake ............................................ 96 
Statistical analysis .................................................................................................. 97 
Results ......................................................................................................................... 97 
Discussion .................................................................................................................. 101 
Literature Cited .......................................................................................................... 108 
CHAPTER 5. SUPPLEMENTAL COPPER CONCENTRATIONS AND FEED 
RESTRICTION AFFECT CIRCULATING METABOLITES IN STEERS FED A 
COPEPR DEFICIENT OR COPEPR ADEQUATE DIET ............................................ 118 
ABSTRACT .............................................................................................................. 118 
Introduction ............................................................................................................... 119 
Materials and Methods .............................................................................................. 120 
Experimental design and sample collection ......................................................... 120 
Blood Sample analysis ......................................................................................... 122 
v 
Feed analysis and dry matter intake ..................................................................... 124 
Statistical analysis ................................................................................................ 124 
Results ....................................................................................................................... 126 
Liver Cu concentrations ....................................................................................... 126 
Dry matter intake, and growth performance ........................................................ 126 
Plasma cortisol and serum NEFA concentrations ................................................ 126 
Plasma metabolomics ........................................................................................... 127 
Discussion .................................................................................................................. 127 
Literature Cited .......................................................................................................... 132 
CHAPTER 6. GENERAL CONCLUSIONS .................................................................. 143 
Literature Cited .......................................................................................................... 152 
APPENDIX. TABLE OF UNKNOWN METABOLITES ANALYZED IN 
CHAPTER V .................................................................................................................. 156 
vi 
 NOMENCLATURE 
 ACTH Adrenocorticotropic releasing hormone
 ADF Acid detergent fiber 
 BW Body weight 
 CBC Complete blood count 
 CRH Corticotropin releasing hormone 
 CuZn-SOD CuZn-Superoxide dismutase 
 DM Dry matter  
 DMI Dry matter intake 
 FR Feed restriction 
 Hp Haptoglobin 
 HPA-axis Hypothalamic pituitary adrenal axis  
 IL Interleukin 
 LPS Lipopolysaccharide 
 MD-2 Myeloid differentiation factor 2  
 MT Metallothionein 
 NDF Neutral detergent fiber 
 NEFA Non-esterified fatty acid 
 NLR Neutrophil to lymphocyte ratio 
 OM Organic matter  
 POMC Pro-opiomelanocortin 
 RR Respiratory rate 
 RT Rectal temperature 
vii 
 SAA Serum amyloid A 
 StAR Steroidogenic acute regulatory protein 
 TACE TNF-α converting enzyme 
 TLR4 Toll like receptor 4 
 TM Trace minerals 
 TMR Total mixed ration 
 TNF-α Tumor necrosis factor-α 
  
viii 
ACKNOWLEDGEMENTS  
I would like to thank my advisor Dr. Stephanie Hansen, for her constant guidance 
and support over the last three years. I am forever grateful for Dr. Hansen’s contagious 
enthusiasm for science, as it paved the way for my own curiosity and excitement in my 
research to grow. I am truly thankful for Dr. Hansen constantly challenging me to 
become a better scientist. I would also like to thank my committee members: Mary 
Drewnoski, Nicholas Gabler, Elisabeth Huff-Lonergan, and Joshua Selsby for their 
support throughout this process. I am grateful for their diverse backgrounds and 
expertise, as I believe this enriched my graduate training.  
I would like to think the past and present members of our lab group for their 
support: Olivia Genther-Schroeder, Sarah Hartman, Emma Niedermayer, Remy 
Carmichael, Erin Deters, Katherine Hochmuth, Katie Heiderscheit, Trey Jackson, and 
Elisabeth Messersmith. I would also like to thank my former office mate Claire 
Andresen. My lab and officemates were a constant source of support and encouragement 
over the last three years. I thank them for their many hours spent helping conduct my 
research, as well as time spent editing manuscripts, or simply being a listening ear when I 
needed to hash out an idea.  
To my husband, Jacob VanValin, words are not enough to describe the sacrifices 
you have made to support me throughout my education. Thank you for being there for 
every step of the way. Thank you for blindly packing up your life, to move away from 
our hometown, and settle in Iowa. I am eternally grateful for your constant love and 
support. I am aware of the sacrifices you have made to keep life afloat, when deadlines 
were looming, and graduate school was the only thing I could focus my time and energy 
ix 
on. Thank you for signing up to support my dreams and ambitions, and now it is my turn 
to do the same for you.  
I would like to thank my parents, David and Teresa Oliver for supporting me from 
day one, and encouraging to chase my dreams. Thank you for always being a voice of 
guidance throughout my schooling and allowing me to make mistakes along the way to 
wind up where I am today. I truly could never have done all of this without the two of 
you coming along for every step of the way.  
 
“Go confidently in the direction of your dreams. 
Live the life you have imagined.” 
-Henry David Thoreau 
x 
ABSTRACT 
Cattle are exposed to stressors throughout the production cycle, many of which 
occur simultaneously. These stressors may include weaning, transportation, vaccination, 
and arrival into the feedlot which can be associated with co-mingling, as well as 
adaptation to dietary changes. Furthermore, these factors can create numerous challenges 
in terms of supplying adequate trace mineral nutrition to cattle, as these periods are also 
associated with decreased feed intake, which can further exacerbate a trace mineral 
deficiency. However, there is limited understanding of how stress impacts trace mineral 
homeostasis in the ruminant. Thus, by improving our understanding of alterations to trace 
mineral homeostasis in the presence of stress it may be possible to develop strategic trace 
mineral supplementation strategies to improve animal efficiency. Stress is a broad term 
that can be experimentally induced by several methodologies including, but not limited 
to, adrenocorticotropic hormone (ACTH), lipopolysaccharide (LPS) challenge, and feed 
and/or water restriction. The overall goal of this research was to evaluate the response to 
stress induction in ruminants with either differing trace mineral statuses or receiving 
differing trace mineral supplementation strategies. The first experiment sought to 
understand how ACTH challenge would affect the absorption and retention of trace 
minerals, in lambs receiving a moderately Zn deplete diet or the same diet with 
supplemental Zn. The results suggested ACTH may negatively impact Zn apparent 
absorption, regardless of Zn status of the animal. Furthermore, it was shown that ACTH 
administration can alter plasma Zn status of the animal; collectively, these data suggest 
that Zn metabolism is altered in response to stress in ruminants. The second trial sought 
to understand if Zn supplementation with either NASEM (2016) recommended 
xi 
concentrations of 30 mg of Zn/kg DM or industry standard supplemental concentrations 
(Samuelson et al., 2016) of 100 mg Zn/kg DM to receiving steers, would affect the innate 
immune response or plasma TM homeostasis in response to injection of LPS at one of 
two doses. Lipopolysaccharide is a potent stimulator of the innate immune system. There 
were minimal interactions between supplemental Zn concentration and LPS injection 
treatment; however, a nutritional immunity response was observed in which plasma 
concentrations of Zn and Fe were dramatically decreased in response to LPS, although 
with slightly different time courses. Interestingly, it appears that increased supplemental 
Zn may have allowed steers to recover plasma Zn status more rapidly than those 
receiving only 30 mg Zn/kg DM. While the first two projects included a targeted 
injection treatment to create stress, the final project sought to mimic production 
conditions. This was accomplished by limiting feed intake over a 5 d period in steers that 
were either Cu deficient, receiving a Cu deficient diet or steers with marginal Cu status, 
but receiving a Cu adequate diet. Copper critically supports macronutrient metabolism; 
thus, this study sought to evaluate the effects of Cu supplementation and feed restriction 
on the plasma metabolome of steers. The results of this study suggest an impaired ability 
of Cu deficient steers to utilize mobilized fatty acids as a fuel source during feed 
restriction. This is of interest, because while a role for Cu supplementation in supporting 
mobilization of lipids has previously been established, these data suggest Cu is also 
important in the utilization of these mobilized lipids. However, minimal effects were 
observed on the plasma metabolome due to Cu supplementation. Collectively these data 
support the assertion that stressors can disrupt ruminant trace mineral homeostasis.  
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However, further research is needed to establish the underlying mechanisms creating 
these outcomes, to develop trace mineral supplementation strategies for the stressed 
ruminant.  
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CHAPTER 1.    GENERAL INTRODUCTION 
 Stress in the simplest of terms was defined by Selye (1956) as “a non-specific 
response of the body to a demand.” Beef cattle are exposed to numerous stressors during the 
production cycle and may endure multiple stressors simultaneously. Common stressors 
associated with beef cattle production include weaning, transport to the feedlot, co-mingling 
on the truck and upon arrival, as well as dietary and environmental changes. The body has a 
number of systems designed to allow an animal to recognize, respond, and adapt to stress to 
restore homeostasis. However, when these systems are overwhelmed or impaired in some 
way homeostasis may remain perturbed for an extended period of time. It is at this point that 
animal growth, development, or health may be compromised, as the body utilizes resources 
to restore homeostasis.  
 The hypothalamic-pituitary-adrenal axis (HPA-axis) is the system responsible for the 
synthesis and secretion of glucocorticoids (cortisol). Cortisol in circulation can have 
protective properties to prevent processes such as inflammation and the immune system from 
over responding to a given stressor (Sapolsky et al., 2000). The immune system shares an 
intimate relationship with the HPA-axis. When the innate immune system is stimulated by 
lipopolysaccharide (LPS) injection, the HPA-axis responds to pro-inflammatory cytokine 
production, with synthesis and secretion of cortisol (Barber et al., 1993). Thus, 
glucocorticoids are secreted in response to pro-inflammatory cytokines in order to re-
establish homeostasis. 
 Segmentation of the beef industry means that beef cattle may experience periods of 
either partial or complete feed restriction as they transition from the ranch to the feedlot. 
Furthermore, cattle may also exhibit day to day fluctuations in feed intake, which can lead to 
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an unintended feed restriction (FR) event. These fluctuations in feed intake may also 
exacerbate a nutrient deficiency, such as trace minerals (TM); especially if dietary inclusion 
of a given nutrient is not concentrated to account for lesser intakes. Furthermore, when 
glucocorticoids are secreted in response to a stressor, feed intake may further be decreased 
(Devenport et al., 1989), which could further exacerbate metabolic disruptions associated 
with feed intake. Traditionally, the study of feed restriction events has involved evaluating a 
few metabolites at a given time; however, with the advancement of metabolomic 
technologies, it is now possible to evaluate dozens of metabolites in a single analysis. 
However, use of this technology has not been well described for circulating metabolites in 
cattle. 
 Trace minerals such as Zn and Cu exert their biological function throughout the body 
as either catalytic or structural components of metalloproteins. Through this role in 
metalloproteins TM are able to support metabolic functions throughout the body including 
macronutrient digestion and metabolism. However, TM metabolism and status of the animal 
may be affected by the response to a given stressor. For example, serum Zn concentrations 
decrease, and Cu concentrations increase in response to LPS administration (Etzel et al., 
1982). This suggests TM requirements of an animals may be altered in response to a stressor.  
 The current trace mineral requirements for beef cattle have been established to 
prevent deficiency (NASEM, 2016). However, a survey of consulting feedlot nutritionists 
suggests it is common practice to supplement Zn at greater than 3 times the established 
recommendation and Cu at 2 times recommended concentrations (Samuelson et al., 2016). It 
is important to note that the exact reason for increased supplementation of TM in the feedlot 
industry is currently unknown. Given the potential for stress to interfere with TM status 
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and/or metabolism, further investigation of the effects of stress induction on TM status and 
metabolism of ruminants is warranted. Furthermore, the effects of TM status on an animal’s 
response to a stressor is also of interest, to further refine TM supplementation strategies in 
ruminants throughout production.  
Dissertation Organization 
Chapter II will present a review of the literature involving Zn and Cu biology 
including absorption, metabolism, and function throughout the body. Furthermore, stress 
induction methodologies will also be discussed including the HPA-axis, administration of 
lipopolysaccharide, and feed restriction. Chapter III will present research that is focused on 
evaluating TM and macronutrient metabolism in small ruminants with either adequate or 
marginal Zn status during an adrenocorticotropic hormone challenge. The following chapter 
will report on the effect of lipopolysaccharide challenge in steers fed either recommended or 
industry relevant concentrations of supplemental Zn on markers of immune response and 
plasma trace mineral homeostasis. Chapter V will evaluate the metabolomic profile in steers 
fed a Cu deficient or Cu adequate diet in response to either ad-libitum feed intake or a partial 
feed restriction challenge. The final chapter, chapter VI, will indicate overall conclusions  
from this body of work and identify future research directions. 
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CHAPTER 2.    REVIEW OF THE LITERATURE 
Biological function and roles of Zn 
Metabolic importance of zinc 
Zinc is a TM essential to the diets of livestock (Mertz, 1981), as it supports many 
major metabolic functions. Zinc was first determined to be essential for growth in a 
mammalian species by Todd et al. (1933), when rats fed a Zn deficient diet failed to grow to 
the same extent as rats fed a diet supplemented with ZnO. Decades later Zn was described as 
essential to diet of ruminants when it was discovered that supplementation of ZnSO4 to the 
diets of cattle alleviated parakeratosis, which is keratinization of the skin, and a symptom of 
Zn deficiency previously described in rodent and monogastric species (Legg and Sears, 
1960). 
Zinc absorption and metabolism  
Zinc is transported in out and of cells and cellular compartments by a family of 
transporters known as ZIP and ZNT. The ZNT proteins are responsible for decreasing 
intracellular Zn concentrations by facilitating Zn efflux out of cells or influx into cellular 
compartments. The ZIP family of proteins is responsible for transporting Zn from 
extracellular fluid or intracellular vesicles into the cytoplasm (Cousins et al., 2006).   
Intestinal absorption of Zn occurs in the jejunum, primarily through the apical 
importer ZIP-4 (Dufner-Beattie et al., 2003); however, ZIP-14 mRNA has been found within 
the small intestine (Liuzzi et al., 2006), and it is possible that this is a secondary means of Zn 
import into the enterocyte. Expression of ZIP-4 is regulated by dietary Zn, with up-regulation 
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occurring during dietary Zn deficiency (Dufner-Beattie et al., 2003), thus intestinal 
absorption of Zn becomes more efficient when dietary Zn is limiting.  
The transporters ZNT-5/6/7 are capable of transporting Zn from within the cytosol of 
the enterocyte to the golgi, and thus contribute to the synthesis and activity of Zn-dependent 
enzymes (Suzuki et al., 2005a; Suzuki et al., 2005b). In mice, ZNT6 has been located 
intracellularly but also in absorptive epithelial cells throughout the distal gastrointestinal 
tract, suggesting a potential role for ZNT6 is Zn excretion into the lumen through exocytosis 
(Yu et al., 2007). These data suggest that Zn status may impact Zn trafficking within the 
enterocyte.  
The efflux of Zn across the basolateral membrane of the enterocyte occurs through 
ZNT-1 (McMahon and Cousins, 1998), and dietary Zn supplementation has been shown to 
increase znt-1 mRNA. Zinc can also be imported into the enterocyte across the basolateral 
membrane, when Zn concentrations are adequate or in excess, through ZIP-5 (Wang et al., 
2004). Upon crossing the basolateral membrane Zn is carried through portal circulation to the 
liver bound to albumin (Cousins, 1989). Zinc can be taken up by the liver through ZIP-14 
(Jeong and Eide, 2013), where it can be bound to a protein called metallothionein (MT) for 
storage.  
Metallothioneins are a family of intracellular, low molecular weight proteins with a 
structure that supports binding of metals including Zn (Coyle et al., 2002). Metallothionein 
plays a critical role in controlling Zn absorption and maintaining Zn homeostasis (Richards 
and Cousins, 1976a). In the presence of high dietary Zn, MT sequesters Zn within the 
enterocytes of the small intestine, thus limiting Zn absorption (Cousins, 1985). Ultimately the 
intestinal cells are sloughed, and the MT bound Zn is excreted within the feces (Irato and 
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Albergoni, 2005). The primary route of Zn excretion is through the feces, with very little 
being excreted in the urine (Schryver et al., 1980), thus binding of Zn by MT within the 
intestine could greatly affect rates of Zn apparent absorption.  
Zinc is capable of inducing MT synthesis, due to the presence of metal responsive 
elements in the promoter region of the gene encoding MT (Stuart et al., 1985), thus Zn 
regulates MT synthesis at the level of transcription. Metallothionein synthesis can also be 
induced as part of an inflammatory response, and cytosolic MT in hepatocytes can increase 
up to 100-fold to sequester Zn (Coyle et al., 2002), resulting in lesser plasma Zn 
concentrations. The exact reason for removal of Zn from the plasma is unknown but it has 
been hypothesized that leucocyte function and cytokine production may be modulated, or 
that a larger pool of intracellular Zn is needed for metabolic processes occurring during the 
inflammatory response, and that sequestering of Zn may allow for activity of enzymes that 
would be otherwise inhibited by Zn (Scuderi, 1990; Coyle et al., 2002; Dröge, 2002). 
Roles of Zn in nutrient digestion and metabolism 
Ultimately, Zn is critical in supporting proper protein, carbohydrate, and lipid 
metabolism (Brandão-Neto et al., 1995). Zinc is a required co-factor in several enzymes 
involved in protein digestion, such as carboxypeptidase and aminopeptidase (Vallee and 
Neurath, 1954; Himmelhoch, 1969). Although the activity of carboxypeptidase is greatly 
diminished during Zn deficiency, the synthesis of other pancreatic peptidases such as trypsin 
remain normal (Mills et al., 1967). Thus, protein digestion may not be critically impaired 
solely due to Zn deficiency. However, amino acid utilization may be impaired during Zn 
deficiency, as rats fed a Zn deficient diet incorporated significantly less 14C-labeled 
methionine into plasma, liver, kidney, and muscle (Hsu et al., 1969), ultimately limiting rates 
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of protein synthesis. Interestingly, Zn deficiency related protein synthesis depression in 
skeletal muscle occurs, although tissue concentrations of Zn are maintained (Giugliano and 
Millward, 1987). The decreased skeletal muscle protein synthesis exhibited during Zn 
deficiency may in part be due to regulation of IGF-1 synthesis (Oner et al., 1984; McNall et 
al., 1995). 
Zinc has been proposed to be involved in several steps in the synthesis and release of 
insulin from beta-cells in the pancreas (Dodson and Steiner, 1998). Insulin is critically 
important to maintaining glucose homeostasis, thus alterations in the synthesis and secretion 
of insulin could impair glucose metabolism. It has been suggested that while the Zn 
transporter ZnT8 is essential for insulin crystal formation, crystallization may not be required 
for glucose homeostasis. However, Zn-insulin crystals may allow for more efficient 
packaging of insulin in beta-cell granules which may be important for preventing abnormal 
glucose metabolism during metabolic stress (Lemaire et al., 2009). It has been suggested that 
Zn deficiency impacts the effectiveness of insulin, along with synthesis of insulin (Jing et al., 
2007). This is supported by the decreased secretion of leptin from adipose tissue during Zn-
deficiency, as leptin synthesis and secretion is largely regulated by insulin action (Barr et al., 
1997). However, it is unclear to what extent leptin secretion impacts Zn-deficiency 
associated anorexia. Interestingly, Zn-deficient rats have been shown to prefer dietary protein 
and fat and avoid carbohydrate consumption; an effect that is remedied by Zn 
supplementation (Rains and Shay, 1995). It is plausible that the disruption in insulin 
signaling, and insulin resistance may be impacting appetite regulation during Zn deficiency. 
9 
Zinc may also indirectly support lipid metabolism, through supporting glucose metabolism, 
which could spare lipid catabolism; thus, limiting mobilization of adipose tissue and 
utilization of free fatty acids (Quarterman and Florence, 1972). 
Zinc metalloenzymes and metalloproteins 
One way in which Zn exerts its functions throughout the body is as a component of 
greater than 300 metalloenzymes, via catalytic, structural, or regulatory roles (Brandão-Neto 
et al., 1995; McCall et al., 2000). Phospholipase A2 is a Zn-dependent enzyme secreted from 
the pancreas (Kim et al., 1998) which hydrolyzes phosphatidylcholine, supporting the 
formation of chylomicrons, and ultimately absorption of lipid micelles (Noh and Koo, 2001). 
Carboxypeptidase-A is a Zn-dependent proteolytic enzyme with a Zn catalytic site, which 
catalyzes the hydrolysis of peptide bonds and protein and peptide substrates (Quiocho and 
Lipscomb, 1971; Vallee and Auld, 1990). The importance of Zn for proper activity of 
carboxypeptidase-A was established when rats fed Zn deplete diets had decreased activity of 
the enzyme, which was corrected by Zn supplementation (Mills et al., 1967). These Zn-
dependent metalloenzyme are examples of how Zn supports digestion, absorption, and 
subsequently metabolism of macronutrients from the diet. 
Copper, zinc superoxide dismutase is a Zn containing metalloenzyme located in the 
cytosol that is a critical component of the antioxidant defense system (Crapo et al., 1992). 
Copper, zinc superoxide dismutase catalyzes the dismutation of the superoxide radical to 
molecular oxygen and hydrogen peroxide (Tainer et al., 1983).  In rats fed either a Cu or Zn 
deficient diet activity of Cu, Zn-superoxide dismutase was not decreased in the liver of Zn 
deficient rats compared to Zn adequate rats. However, Cu, Zn-superoxide dismutase activity 
was dramatically decreased in the liver of Cu deficient rats compared to Cu adequate rats 
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(Taylor et al., 1988). Unlike Cu, which is critical for activity of the enzyme, the Zn binding 
site can be occupied by cobalt, cadmium, or mercury while still maintaining enzyme activity 
(Beem et al., 1974). Collectively, these data suggest that dietary Zn concentrations and Zn 
status of the animal may not be as important for maintaining adequate activity of Cu, Zn-
superoxide dismutase compared to Cu.  
Sources of supplemental Zn  
 The Zn content of forages can be affected by several factors including plant species, 
maturity, and soil Zn concentrations (Suttle, 2010) Thus, it is common practice to supplement 
diets of beef cattle with at least the national recommended concentration of 30 mg Zn/kg dry 
matter (DM; NASEM, 2016), to ensure adequate Zn intake and prevent deficiency. However, 
a survey of consulting feedlot nutritionists suggested that nutritionists most often recommend 
supplementing 100 mg Zn/kg DM, well in excess of national recommendations (Samuelson 
et al., 2016) 
Sources of supplemental Zn can include inorganic salts such as ZnO and ZnSO4, or 
organic sources (meaning Zn is bound to a C containing compound) such as zinc methionine 
and zinc proteinate (NASEM, 2016). Differences in ruminal solubility exist between sources 
of Zn. Ruminal soluble concentrations of Zn were much higher in steers receiving Zn 
methionine compared to those supplemented with Zn from ZnSO4 or ZnO (Ward et al., 
1992). It has been suggested that, even though solubilized, the Zn methionine complex 
remains intact within the rumen thus limiting the formation of insoluble complexes with 
rumen microbes and feed particles (Spears, 1996). In the case of inorganic ZnSO4 where 
ruminal soluble concentrations are lesser compared to Zn methionine, greater amounts of Zn 
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may be available to be bound by rumen microbial communities and feed particles potentially 
leading to alterations in nutrient digestibility.  
Hydroxylated trace minerals contain an inorganic mineral bound to a hydroxy group 
and are unique in that the mineral does not dissociate from the hydroxy group except at a low 
pH such as that found within the abomasum (Spears, 2003). As with Zn methionine, hydroxy 
sources of Zn may be able to avoid forming insoluble complexes with rumen microbes and 
feed particles, thus increasing the Zn content available to the animal for absorption in the 
small intestine.  
Influence of Zn on nutrient digestibility  
Digestible energy is defined as the gross energy of a diet minus energy lost in the 
feces (Knox and Handley, 1973) and 60-75% of digestible energy is obtained through rumen 
fermentation (Sutton, 1979). Carbohydrates including cellulose and hemicellulose are 
utilized by rumen microbes, and up to 90% of carbohydrate digestion occurs in the rumen 
(Sutton, 1979; NASEM, 2016). Thus, dietary factors that influence ruminal nutrient 
digestibility may result in lesser overall digestive efficiency of the ruminant animal.  
Zinc has been shown to inhibit in vitro cellulose digestion when added at 10 µg/mL 
as ZnSO4, which was calculated by the authors to be approximately 400 mg Zn/kg diet DM. 
At 400 mg Zn/kg diet DM, this would be nearing maximum tolerable Zn concentrations for 
beef cattle (500 mg Zn/kg diet DM) and well above the recommended 30 mg Zn/kg diet DM 
(NASEM, 2016). When prairie hay was incubated with ruminal fluid obtained from steers 
maintained on a prairie hay diet, in vitro DM digestibility linearly decreased (44.7, 44.3, 
43.8, 43.2, and 40.9% of DM had disappeared at 24 h) as concentrations of Zn from ZnSO4 
were increased in vitro (0, 5, 10, 15, and 20 mg Zn/kg DM, respectively (Arelovich et al., 
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2000). Furthermore, in vitro cellulose digestion has been decreased upon the addition of 20 
or 30 mg Zn from ZnSO4/kg DM to rumen fluid previously collected from a steer consuming 
a grass hay diet (Martinez and Church, 1970). Interestingly, in vitro cellulose digestion was 
increased when supplemental Zn ranged from 2-7 mg Zn/kg DM, compared to the non-
supplemented controls (Martinez and Church, 1970). These data suggest that factors other 
than supplemental Zn concentration alone may be contributing to the effect of Zn on nutrient 
digestibility. Possible sources of variation which were not addressed in the previously 
mentioned trials were diet type fed to donor animals which could influence rumen fluid 
content in in vitro analysis, and subsequently microbial populations present within the rumen. 
Even when 25 µg Zn/mL (calculated to be 1,000 mg Zn/kg diet DM) from ZnSO4 was added 
to in vitro cultures, cellulolytic and total bacterial concentrations were not affected (Eryavuz 
and Dehority, 2009). It has been hypothesized that decreased cellulose digestion is 
contributing to in vitro DM disappearance through inhibition of cellulolytic enzymes, rather 
than a toxic effect of Zn on ruminal bacterial populations (Eryavuz and Dehority, 2009). 
Interestingly, when heifers received a prairie hay diet containing either 30, 250, or 
470 mg Zn/kg DM there was only a numerical decrease in DM digestibility in heifers 
receiving 470 mg Zn/kg DM (Arelovich et al., 2000). Lambs supplemented with 40 mg Zn/d 
from Zn methionine (calculated to be ~33 mg Zn/kg DM) exhibited lesser neutral detergent 
fiber (NDF) and acid detergent fiber (ADF) digestibility compared to those supplemented 
with Zn from a hydroxy source (VanValin et al., 2018). The stark differences required to 
elicit an impact on fiber digestion in vivo supports the idea that supplemental Zn 
concentration alone is not the only factor leading to impaired nutrient digestion.  
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Summary 
Zinc is involved in supporting many functions throughout the biology, and is critical 
for optimal growth and health, and it is likely that additional roles for Zn in biology have yet 
to be determined. Zinc can be supplemented to the diet of animals in a variety of sources; 
however, interactions may occur within the rumen environment leading to impairment of 
ruminal digestion. Future work is needed to better understand the potential implications of 
supplemental Zn source and concentration on nutrient digestion in ruminants.  
 
Biological function and roles of copper  
Copper is a trace mineral first deemed to be essential to mammals when addition of 
ash from either animal or vegetable sources containing copper sulfide corrected anemia by 
supporting erythropoiesis in rats consuming a milk-based diet (Hart et al., 1927). Soon after, 
multiple diseases associated with grazing ruminants were found to be responsive to Cu 
supplementation (Neal et al., 1931; Bennetts and Chapman, 1937), confirming the 
essentiality of Cu in ruminant species. Furthermore, Cu is critical for supporting growth in 
mammals, including ruminants (Evvard et al., 1928; Thornton et al., 1972). Deficiency of Cu 
is exhibited through a variety of symptoms including anemia, bone and connective tissue 
disorders, and abnormalities to wool, hair, and pigmentation (Suttle, 2010), and most 
symptoms can be explained by Cu dependent metalloproteins.  
Absorption, metabolism, and excretion of Cu 
Copper is absorbed primarily in the duodenum of the small intestine, and rates of Cu 
absorption are dependent on Cu intake with lesser Cu intake resulting in greater rates of 
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apparent absorption (Turnlund, 1998). Luminal Cu is usually found in the cupric (Cu2+) form 
and must first be reduced to the cuprous (Cu1+) state by cytochrome-B reductase-1, a plasma 
membrane reductase (Knöpfel and Solioz, 2002). Once in its reduced state Cu is primarily 
absorbed through the brush border transport protein, CTR1 (Nose et al., 2006); however, Cu 
can also be absorbed into the enterocyte through the divalent metal transporter-1 (DMT1; 
Arredondo et al., 2003).  
Due to the high toxicity of unbound cytosolic Cu, it must be bound to a chaperone 
protein inside the enterocyte. One such protein is copper chaperone for superoxide dismutase 
which transports Cu ions to Cu, Zn-SOD, the Cu dependent cytosolic antioxidant enzyme 
(Culotta et al., 1997). A second copper chaperone protein is COX17, which is necessary for 
the delivery of Cu ions to mitochondria for incorporation into cytochrome-c oxidase 
(Srinivasan et al., 1998). A third Cu chaperone, ATOX1 delivers Cu to the Cu exporter 
ATP7A, with ATP7A residing on the trans golgi network, (Prohaska, 2008). Thus, ATOX1 is 
important for cuproenzyme production as well as cellular Cu efflux (Kiela and Ghishan, 
2016). 
The metal binding protein functions as an intracellular Cu storage mechanism 
(Balamurugan and Schaffner, 2006). Metallothionein is an important mechanism by which 
Cu uptake is restricted in the presence of excess Cu (Cousins, 1985). The Cu ATP-ase 
protein, ATP7B can be found on the basolateral membrane of the enterocyte, and in this 
location, it is thought to sequester Cu to be extruded from the cell bound to transport proteins 
(Kaplan and Lutsenko, 2009). Extracellular Cu transport proteins include albumin, and 
transcuperin, these proteins carry Cu from the enterocyte through portal circulation to the 
liver (Linder and Hazegh-Azam, 1996).  
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When Cu arrives at the liver it is taken up by CTR1, and once inside Cu can be 
utilized for a variety of purposes, including synthesis of ceruloplasmin (Kaplan and 
Lutsenko, 2009). Before Cu can be partitioned for use in the liver it is first bound to 
glutathione and then to MT, subsequently Cu can be partitioned between synthesis of 
ceruloplasmin, storage, and biliary excretion (Bremner, 1993). Cattle are unique amongst 
livestock and even ruminants, in that they have the ability to store large amounts of Cu 
within the liver, up to 800 mg Cu/kg DM (Suttle, 2010). Excess hepatic Cu is bound to 
ATOX1, where it is presented to the ATP-ase protein, ATP7B in order to be exported out of 
the liver, and into the bile for ultimate excretion in feces (Wijmenga and Klomp, 2004). 
Copper metalloproteins  
Copper is integral in a variety of metalloproteins, but in stark contrast to Zn, which is 
involved in hundreds of Zn metalloproteins, there have been only approximately a dozen 
cuproenzymes identified to date. Copper exerts biological function as both a catalytic and 
structural component of these proteins (Uauy et al., 1998). Cytochrome-c oxidase is a Cu 
dependent protein that resides on the inner mitochondrial membrane and catalyzes the 
reduction of molecular oxygen to water and is responsible for the terminal electron transfer in 
the respiratory chain (Wikström and Casey, 1985). Through involvement in cytochrome-c 
oxidase, Cu plays a critical role in energy generation throughout the body. The 
interdependence of cytochrome-c oxidase activity and Cu has been shown in human 
myoblasts containing a mutation in the gene SCO2 which encodes a mitochondrial Cu-
binding protein. Under basal conditions such a mutation results in a deficiency of 
cytochrome-c oxidase activity which can be restored with additional Cu supplementation 
(Jaksch et al., 2001). Pancreatic cytochrome-c oxidase activity was lesser in Cu deficient 
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cattle, compared to animals with adequate Cu status, and was accompanied by pancreatic 
lesions (Fell et al., 1985), suggesting that electron transport was impaired in the Cu deficient 
animals.  
The Cu-containing enzyme dopamine β monooxygenase is responsible for converting 
dopamine to norepinephrine (Klinman, 2006). This enzyme is a tetrameric glycoprotein that 
requires the binding of 8 mol Cu/tetramer for maximal activity (Ash et al., 1984). 
Interestingly, in Cu deficient rodents, concentrations of dopamine are increased while 
norepinephrine is decreased, although this can be tissue dependent (Prohaska et al., 1990). 
Deficits in norepinephrine could lead to developmental complications, particularly in regard 
to motor function. Rats exposed to Cu deficiency in-utero and early post-natal life had 
decreased motor function skills even after Cu repletion, compared to rats receiving a Cu 
adequate diet (Penland and Prohaska, 2004). In steers, norepinephrine concentrations tended 
to be increased before and after feeding in Cu supplemented steers compared to non-
supplemented steers (Engle et al., 2000b). Adipose tissue samples collected from Cu 
supplemented lambs exhibited increased rates of basal and norepinephrine stimulated 
lipolysis (Sinnett-Smith and Woolliams, 1987). However, Engle and Spears (2000) observed 
no differences in plasma non-esterified fatty acid (NEFA) concentrations, regardless of Cu 
supplementation. Further work is needed to understand the impact of Cu status on 
catecholamine concentrations in ruminants, and the subsequent behavioral and metabolic 
implications this could have on ruminant production. 
Lysyl oxidase is a Cu dependent enzyme responsible for cross linking of collagen in 
skeletal muscle. When lysyl oxidase oxidizes the amino acid lysine or hydroxylysine to 
aldehydes, in non-helical portions of collagen molecules, the oxidized aldehydes react with 
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adjacent collagen molecules forming divalent bonds (Miao et al., 2016). The collagen 
network surrounding skeletal muscle is intimately related to skeletal muscle function. 
Collagen secreted during skeletal muscle hypertrophy in Cu deficient rats lacks crosslinking 
(Borg et al., 1985). Factors such as breed of cattle and age can affect collagen content of 
skeletal muscle; for example, Wagyu cattle have greater collagen content and lesser collagen 
solubility than Angus cattle (Duarte et al., 2013). Although lysyl oxidase was not evaluated 
by Duarte et al. (2013), it is reasonable to suggest that cattle with greater collagen content 
would also have greater expression and/or activity of lysyl oxidase. These differences in 
collagen and skeletal muscle physiology can have direct impacts on meat quality, as collagen 
cross linking can be correlated with meat tenderness (Dubost et al., 2013). 
Ceruloplasmin is a Cu transport protein, which can act as an acute phase protein, 
antioxidant, and also a pro-oxidant (Giurgea et al., 2005); thus, the biological functions of 
ceruloplasmin are vast, and may not be completely understood to date. The major antioxidant 
property of ceruloplasmin is its role as a ferroxidase in the oxidation of Fe2+ to Fe3+ while 
reducing O2 to water. In this way ceruloplasmin prevents the Fe-ion dependent lipid 
peroxidation and subsequent forming of the hydroxyl radical from hydrogen peroxide 
(Gutteridge and Stocks, 1981). Additionally, through oxidizing Fe to the ferric ion, 
ceruloplasmin allows Fe to be taken up by the Fe transporter, transferrin, for transport 
throughout the body (Huebers and Finch, 1987).  
The pro-oxidant properties of ceruloplasmin are less defined and understood. 
However, incubation of human low density lipoproteins with CuSO4 increased oxidation of 
the low density lipoproteins by 15-fold, and when ceruloplasmin was added to the solution 
oxidation increased in a dose dependent manner. Incubation of the low density lipoproteins 
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with purified human ceruloplasmin alone increased oxidation by 50-fold, when added at the 
physiological concentration of 300 µg/ml (Ehrenwald et al., 1994). These findings support 
additional work in humans, implicating ceruloplasmin concentrations as a risk factor for 
cardiovascular disease (Reunanen et al., 1992). As an acute phase protein, concentrations of 
ceruloplasmin increase in response to inflammation, infection, and even gestation in humans 
and ruminants (Markowitz et al., 1955; Sheldon et al., 2001); subsequently as ceruloplasmin 
is also a Cu transport protein, plasma concentrations of Cu simultaneously increase with 
ceruloplasmin concentrations. In fact, ceruloplasmin concentrations have been examined as a 
potential Cu status indicator to be analyzed in blood samples (Blakley and Hamilton, 1985; 
Kincaid et al., 1986). However, as ceruloplasmin is an acute phase protein factors other than 
Cu intake can affect concentrations in circulation (Kincaid, 2000); thus, limiting its ability to 
be a suitable marker of Cu status.  
Summary 
 Copper is a required trace mineral in the diets of livestock. Although the scope 
of biological functions for Cu are not as broad as those of Zn, Cu deficiency can have 
deleterious effects on animal growth and development. Nevertheless, Cu supports a variety of 
systems throughout the body including the antioxidant defense system, acute phase response, 
and macronutrient metabolism. However, further research is needed to understand the true 
Cu requirements of ruminants throughout the production cycle, as the biological need for Cu 
may fluctuate as an animal progresses through production. Furthermore, the Cu requirement 
of an animal could be greater at times when an animal may be exposed to greater dietary Cu 
antagonists. Thus, understanding how dietary and biological factors work in concert to affect 
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the Cu requirement of cattle, could lead to the development of more strategic 
supplementation practices. 
The hypothalamic pituitary adrenal axis  
 The HPA-axis is the master regulator of the stress response. Stress is broadly defined 
as a non-specific response of the body to a demand placed upon it (Selye, 1956). In response 
to a given stressor, corticotropin releasing hormone (CRH) is released from the 
hypothalamus. The CRH neurons are located in the parvicellular division of the 
paraventricular nuclei and connect to the external layer of the median eminence, which 
allows for the release of CRH into hypophysial-portal circulation (Majzoub, 2006). The CRH 
neurons within the paraventricular nucleus receive inputs from multiple regions in the brain, 
resulting in CRH coordinating the neuroendocrine, autonomic, and behavioral responses to 
stress (Borrelli, 1998). Corticotropin releasing hormone, released into hypophysial-portal 
circulation, binds to its receptor (CRH-receptor 1), which is a G-coupled protein receptor on 
the surface of corticotroph cells of the anterior pituitary (Chen et al., 1993).  
 Upon binding of CRH to its receptor on the surface of corticotrophs adenylyl cyclase 
is activated which increases intracellular concentrations of cyclic-AMP, which subsequently 
activates protein kinase-A. The result of protein kinase-A activation is an influx of 
intracellular Ca2+ which results in the secretion of adrenocorticotropic hormone (ACTH) 
within a matter of seconds (Watanabe and Orth, 1987; Ritchie et al., 1996). The binding of 
CRH to its receptor also increases the synthesis of pro-opiomelanocortin (POMC) which is 
the pre-cursor from which ACTH is produced (Ritchie et al., 1996). Within 30 minutes of 
injecting rats with CRH, mRNA expression of POMC in the anterior pituitary was rapidly 
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increased (Autelitano et al., 1990). Thus, binding of CRH to its receptor on the surface of 
corticotroph cells results in a rapid release of ACTH, while also stimulating production of 
POMC in order to maintain the secretion of ACTH. The importance of the adenyl cyclase 
cascade for secretion and synthesis of ACTH has been verified in vitro, as inhibition of 
protein kinase-A activity attenuates ACTH secretion and biosynthesis in response to CRH 
(King and Baertschi, 1990). 
 The pro-hormone POMC undergoes proteolytic cleavage by prohormone convertase-
1 to produce ACTH in the anterior pituitary (Stevens and White, 2009). Under basal 
conditions, ACTH is secreted in a pulsatile circadian rhythm with approximately 18-25 
pulsatile releases of ACTH in a 24 h period (Young et al., 2001). Thus, this circadian rhythm 
should be considered when studying the downstream effects of ACTH. When ACTH is 
released into circulation it binds to its specific cell surface receptor, the melanocortin 2 
receptor. The melanocortin 2 receptor is critical for adrenal gland development and 
subsequent synthesis of glucocorticoids, as approximately 75% of melanocortin 2 receptor 
knock out mice die in embryo and those that survive exhibit severely atrophied adrenal 
glands, and non-detectable concentrations of glucocorticoids in circulation (Chida et al., 
2007). Upon ACTH binding to the melanocortin 2 receptor, there is a depolarization of the 
adrenal cortical cells, which triggers an influx Ca2+ (Enyeart et al., 1993), which allows for 
diffusion of glucocorticoids (cortisol) across the cell membrane and into circulation. As 
ACTH is secreted in a pulsatile circadian rhythm, cortisol is secreted in the same manner, 
with circulating cortisol concentrations increasing at 0400 h before peaking around 0700 h, 
and are decreased from approximately 2100 h to 0300 h (Young et al., 2001). 
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 Biosynthesis of cortisol occurs within the adrenal gland, and the rate-limiting step is 
transport of intracellular cholesterol to the inner mitochondrial membrane to be converted to 
pregnenolone by the cholesterol side chain cleavage enzyme (P450scc; Chung et al., 1986). 
The mobilization of cholesterol is mediated through steroidogenic acute regulatory protein 
(StAR), which is induced by an increase in cAMP following the binding of ACTH to the 
melanocortin 2 receptor (Clark et al., 1994). Pregnenolone is converted to progesterone in the 
cytoplasm through 3-beta hydroxysteroid dehydrogenase, progesterone is then hydroxylated 
to 17OH-progesterone through the activity of P450c17, and 17OH-progesterone is converted 
to 11-desoxycortisol through P450c21 (Arlt and Stewart, 2005). The final step in the 
biosynthesis of cortisol takes place in the mitochondria, where 11-desoxycortisol is converted 
to cortisol through P450c11β (Lechner et al., 2000). 
Regulation of the HPA-axis 
The HPA-axis is regulated through a classic negative feedback loop. When rats 
underwent bilateral adrenalectomy circulating concentrations of ACTH were rapidly 
increased compared to rats that underwent a sham procedure (Dallman et al., 1972). 
Furthermore, glucocorticoids have been shown to inhibit transcription of POMC in the 
anterior pituitary (Eberwine and Roberts, 1984). Thus, in the absence of cortisol, 
concentrations of ACTH rapidly increase, while in the presence of cortisol production of the 
ACTH precursor is diminished. The results of these studies support the mechanism of a 
negative feedback loop in regulation of the HPA-axis.  
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Activation of the HPA-axis by cytokines  
 Receptors have been identified for several pro-inflammatory cytokines throughout the 
HPA-axis, including interleukin (IL) -1, IL-6, and tumor necrosis factor alpha (TNF-α; 
Turnbull and Rivier, 1995), which suggests a role for cytokines in activating the HPA-axis. 
When rats were injected with human recombinant IL-1, circulating concentrations of 
corticosterone and ACTH were increased, while inhibition of CRH attenuated the ACTH 
response to IL-1 (Berkenbosch et al., 1987). The results of these data suggest that IL-1 may 
be acting on the HPA-axis at the level of the hypothalamus or the anterior pituitary as CRH is 
produced in the hypothalamus but acts upon the pituitary. Intrahypothalamic injection of IL-
1β in rats resulted in increased secretion of CRH and plasma concentrations of ACTH 
(Barbanel et al., 1990), which supports the findings of Berkenbosch et al. (1987), that IL-1 
can activate the HPA-axis through the hypothalamus. When rats were injected I.V. with 
TNF-α, plasma ACTH and corticosterone concentrations were increased in a dose dependent 
manner, but this could be inhibited by administration of rat CRH antiserum 1 h prior to TNF- 
α injection (Bernardini et al., 1990). This study provides compelling evidence that TNF- α is 
capable of activating the HPA-axis through increased secretion of CRH by the hypothalamus. 
Treatment of an ACTH producing mouse cell line with either IL-1α, IL-1β, or IL-6 resulted 
in increased concentrations of ACTH in the cell culture media (Fukata et al., 1989). Results 
from Fukata et al. (1989) suggest a possible role for IL-1α, IL-1β, or IL-6 in stimulating the 
anterior pituitary to release ACTH.  There is substantial evidence to clearly link pro-
inflammatory cytokines to the activation of the HPA-axis, although cytokines may be acting 
at different locations within the HPA-axis to elicit their physiological response.  
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Activation of the HPA-axis in cattle production 
 A common production stressor for cattle is transport to the feedlot, which can result 
in extended periods of trucking, a survey conducted in Canada found the average time cattle 
spend on a truck was 15.91 h, but ranged from 3.25 – 45.25 h (González et al., 2012). The 
cortisol response was evaluated in feedlot steers and heifers exposed to either continuous 
transport for 1,290 km, or transport for 1,290 km with 2 h rest stops every 430 km, or no 
transit with full access to feed and water (Cooke et al., 2013). Cortisol concentrations were 
increased on d 1 (upon completion of transit) in the animals exposed to continuous transit 
compared to animals transported with breaks or animals not exposed to transit, and plasma 
cortisol concentrations remained elevated in the continuous transit group compared to the 
non-transported animals on d 4 of the trial. The HPA-axis was activated in response to transit 
in both groups of transported animals and attenuated in the group allowed to rest during the 
transit event; however, receiving period growth performance was not affected by transit 
strategy (Cooke et al., 2013). The attenuated cortisol response in animals allowed to rest 
during transit may suggest that rest breaks during transit provide welfare benefits rather than 
improvement in growth performance or efficiency upon arrival to the feedlot.  
 Weaning also represents a stressful period in the production cycle of beef cattle. 
Plasma cortisol concentrations were increased by 6 h post weaning in beef cattle; however, 
there was no effect of age at weaning (90 d vs 150 d of age) on plasma cortisol 
concentrations post-weaning (Blanco et al., 2009). Weaning also had no effect on plasma 
cortisol concentrations determined at 6 h post weaning in Limousin-Charolais cross calves 
(Hickey et al., 2003). Differences in management of cattle and weaning may explain the 
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differences in cortisol response to weaning by Blanco et al. (2009) and Hickey et al. (2003). 
Calves in Hickey et al. (2003) were repeatedly separated from their dams and introduced to 
human contact prior to the start of the study. Thus, it is possible that the stress response to 
weaning was attenuated in those calves due to prior handling and separation. The cortisol 
response of dairy heifers (raised under dairy management) or beef heifers (raised via 
suckling) to social isolation from pen mates, suggests that prior handling of the dairy heifers 
may have resulted in a decreased cortisol response to social isolation (Munksgaard and 
Simonsen, 1996). 
Interactions between the HPA-axis and trace minerals 
 When mice were fed a Zn deficient diet for 2 weeks, they exhibited increased 
corticosterone concentrations and decreased plasma Zn concentrations compared to mice fed 
a Zn adequate diet (Takeda et al., 2008). There was also a pair-fed control treatment included 
in Takeda et al. (2008), in which increased plasma corticosterone concentrations were 
exhibited, but plasma Zn concentrations were maintained. This may suggest that feed intake 
is impacting corticosterone concentrations instead of Zn status of the animal; however, the 
neurochemical response to Zn deficiency and feed restriction differ. Neuropeptide Y is an 
orexigenic neuropeptide, that is released in the paraventricular nucleus of the hypothalamus 
in pair-fed animals, whereas this response is blunted in Zn deficient animals (Levenson, 
2003). Neuropeptide Y may in part regulate the stress response as the corticotropin releasing 
hormone containing cells of the paraventricular nucleus receive input from neuropeptide Y 
from the neuropeptide Y adrenaline and noradrenaline cells of the medulla (Thorsell and 
Heilig, 2002). Thus, the blunted neuropeptide Y release in Zn deficient animals may result in 
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an altered stress response. In Takeda et al. (2008), Zn deficient mice exhibited increased 
negative behaviors (line crossing and rearing) and decreased positive behaviors (grooming) 
compared to Zn adequate mice, in an open-field test. This suggests that the Zn deficient mice 
were indeed exhibiting behavioral differences from the Zn adequate fed animals; however, 
pair-fed control animals were not exposed to the same challenge making it difficult to 
determine if the regulation of stress by neuropeptide Y was influencing behavior.  
 Metallothionein is a metal binding protein which binds Zn and can act as a short term 
storage mechanism in response to stress. Metallothionein is produced in response to stressors, 
which results in redistribution of Zn in the body by decreasing circulating Zn concentrations 
and increases MT bound Zn concentrations in tissues such as the liver (Oh et al., 1978). The 
induction of MT in the liver and the enterocytes of the small intestine in response to stress 
can regulate Zn homeostasis at the site of intestinal absorption (Richards and Cousins, 
1976b). Metallothionein concentrations in the liver of hamsters was positively correlated 
with dose of hydrocortisone injection; however, MT concentrations were increased to a much 
greater extent by injection of Zn (5 mg Zn/kg BW; Klaassen, 1981). However, Klaassen 
(1981) did not evaluate tissue concentrations of Zn in response to either a glucocorticoid or 
Zn injection, so it is difficult to determine if Zn status of the animal would have any effect on 
the MT response exhibited. The effects of stress on MT concentrations suggests that there 
could be a point of interaction between stress and Zn metabolism, however further work is 
needed to further elucidate this interaction, especially in ruminants.  
 Interactions between Cu and the HPA-axis in mammalian species have not been well 
established. However, exposure to relatively low, environmentally relevant concentrations of 
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Cu (30 µg/L) or increased concentrations of Cu (80 µg/L) in fish results in a decreased 
cortisol response to an air exposure stressor (Gagnon et al., 2006). Interestingly, following 
the in-vivo Cu exposure experiment, adrenocortical cells were isolated and either exposed to 
saline or Cu (200 µM CuSO4) for 60 min, and exogenous ACTH was administered. Cells 
exposed to Cu in vitro had a blunted response to ACTH, regardless of previous Cu exposure 
in vivo. Furthermore, cells previously exposed to Cu in vivo, but cultured in saline had a 
greater cortisol response to the in-vitro ACTH challenge. These data suggest that in fish, Cu 
exposure may impair cortisol secretion, possibly due to inhibition of ACTH secretion in vivo 
(Gagnon et al., 2006). Cortisol stimulates the proliferation and differentiation of ion transport 
cells in the gills of fish and also stimulates the expression of Na+/K+-ATPase in these cells 
(Flik and Perry, 1989). However, Cu exposure leads to decreased Na+/K+-ATPase activity 
and increased circulating cortisol concentrations in fish (Wendelaar Bonga, 1997). 
Interestingly, Cu exposure for 5 d resulted in increased plasma cortisol, as well as co-
localization of MT and Na+/K+-ATPase within the ion transport cells in the gills of rainbow 
trout (Dang et al., 2000). This likely suggests a protective effect of MT against Cu exposure 
in fish in order to maintain adequate activity of Na+/K+-ATPase within the ion transport cells. 
While the Cu concentrations utilized were physiologically relevant to aquatic species, it is 
unknown if dietary concentrations of Cu fed to livestock species would elicit a similar 
response.  
 Copper deficiency has been shown to result in hypercholesteremia through increasing 
liver concentrations of reduced glutathione and increasing the activity of 3-hydroxy-3-
methyl-glutaryl coenzyme A, the rate limiting enzyme in cholesterol biosynthesis (Kim et al., 
1992). The rate limiting step in biosynthesis of cortisol is the translocation of intracellular 
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cholesterol to the inner mitochondrial membrane, thus it is possible that greater cholesterol 
could be available in circulation for uptake by the adrenals to be utilized in the synthesis of 
cortisol during Cu deficiency. The preferred source of cholesterol for cortisol synthesis in 
bovines appears to be from high-density lipoproteins (Yaguchi et al., 1998), and serum 
concentrations of high density lipoproteins have been shown to be decreased due to Cu 
supplementation in steers (Engle et al., 2000a). Thus, it is possible that Cu deficiency could 
result in greater substrate available for the synthesis of cortisol, however it is important to 
note that this direct link has not been evaluated. Furthermore, it is not known if the lesser 
concentrations of high density lipoproteins in circulation of Cu supplemented steers, is 
enough to markedly impact cholesterol available for cortisol synthesis.  
Summary 
 The HPA-axis works to regulate the stress response in animals through secretion of 
glucocorticoids. This process can be activated through a number of stressors that can be 
common in livestock production. Furthermore, secretion of glucocorticoids may influence the 
disruption of trace mineral homeostasis. Thus, periods of time when an animal may be at risk 
of facing stressors, may also result in alterations to trace mineral metabolism. Further 
research is needed to elucidate the effects of glucocorticoids on trace mineral homeostasis, in 
order to better develop nutrition and management practices that may optimize trace mineral 
metabolism in the face of stress events in livestock species.  
Lipopolysaccharide as an inflammatory and stress induction model  
 Injection of LPS results in a classic inflammatory response, which can mimic the 
response induced by diseases commonly faced by production animals including bovine 
28 
respiratory disease (Carroll et al., 2009). Thus, LPS could be used experimentally to induce 
behaviors which would be typically exhibited during illness. In dairy calves injected with 
LPS or saline I.V., the LPS treated calves spent more time lying inactively, and less time 
eating hay and ruminating compared to saline treated calves (Borderas et al., 2008). In a 
study evaluating the feeding and drinking behavior of newly received feedlot calves it was 
determined that calves retrospectively determined to be experiencing morbidity exhibited 
eating behavior less frequently than those determined retrospectively to be healthy during the 
period of 11-27 d post arrival (Buhman et al., 2000). Although time spent ruminating was not 
determined by Buhman et al. (2000), the observed effects on eating behavior by cattle 
experiencing morbidity compared to healthy cattle, are similar to those described by 
Borderas et al. (2008) for calves injected with LPS vs. saline. In rats, LPS injected animals 
exhibited lesser feed intake, body weight gain, and social exploration, but had similar water 
intake when compared to rats injected with saline (Yirmiya, 1996). However, the depressive 
nature of LPS on animal behavior is relatively short lived. Mice injected with LPS exhibited 
less activity (as determined by the number of crossings and rearings in an activity cage) at 6 
h post injection compared to saline injected mice; however, activity between the two groups 
was similar at 24 h post injection (Frenois et al., 2007). This suggests that LPS injection 
provides a rapid and acute method to induce morbidity and inflammation. 
LPS mechanism of action 
 Bacterial lipopolysaccharides consist of a hydrophobic domain called lipid A or 
endotoxin, a nonrepeating core oligosaccharide, and a distal polysaccharide or O-antigen 
(Raetz and Whitfield, 2002). Lipid A or endotoxin is a glucosamine phospholipid that makes 
up the outer monolayer within the outer membrane of most gram-negative bacteria 
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(Zähringer et al., 1999). In fact, there are approximately 106 lipid A residues in a single cell 
of the gram negative bacteria, e-coli (Galloway and Raetz, 1990).  
 Many gram-negative bacteria, including pathogens, produce lipid A species with a 
highly conserved structure (Rietschel et al., 1994). Due to this conserved structure, many 
lipid A molecules can be detected in picomolar concentrations by toll like receptor 4 (TLR4) 
present on macrophages and endothelial cells (Aderem and Ulevitch, 2000; Medzhitov and 
Janeway Jr, 2000). For LPS to activate TLR4 the receptor must form a heterodimer with 
myeloid differentiation factor 2 (MD-2), at which point the heterodimer recognizes a 
common pattern within LPS molecules (Park et al., 2009). Lipopolysaccharide is removed 
from the bacterial outer membrane and transferred to the TLR4-MD-2 complex with 
assistance from two accessory proteins called LPS-binding protein and CD14 (Miyake, 
2006). Activation of the TLR4-MD-2 complex by lipid A results in activation of the innate 
immune response. Although, some species of gram-negative bacteria that contain LPS (such 
as Porphyromonas gingivalis) appear to activate the innate immune response in a TLR-4 
independent manner. The exact signaling pathway for these species are not well understood; 
however, mice with a mutation in the TLR4 gene causing them to be hypo-responsive to LPS 
appear to react severely to LPS from Porphyromonas gingivalis (Ogawa et al., 1996; 
Poltorak et al., 1998). However, LPS from e-coli serotype O55:B5 acts in a TLR-4 dependent 
manner, as exhibited by the hypo-responsiveness of TLR4 knock out mice following 
treatment with LPS (Hoshino et al., 1999). 
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LPS and the innate immune response 
The innate immune response involves phagocytic cells (including macrophages), cells 
that release inflammatory mediators, and natural killer cells; molecular responses as part of 
the innate immune response include acute phase proteins and cytokines (Delves and Roitt, 
2000). As the innate system evolved earlier than the adaptive immune response, the innate  
response does not involve memory, thus the innate immune system responds similarly 
regardless of how many times an organism is exposed to a given trigger (Medzhitov and 
Janeway Jr, 2000).  
Activation of TLR4-MD-2 complex in response to lipid A signals for the production 
of TNF-α and IL-1β (Beutler and Cerami, 1988; Dinarello, 1991). In fact, transcription of IL-
1 mRNA increases rapidly (within approximately 15 minutes) in response to the presence of 
LPS, and peaks approximately 3-4 hours after LPS administration as observed in-vitro with 
human monocytes (Fenton et al., 1987). However, it is TNF-α that has been the proposed as a 
primary mediator of the LPS response. Purified TNF injected into mice resulted in a similar 
physiological response as that observed following injection of LPS, and included fever, 
diarrhea, shock, and death (Beutler et al., 1985a). However, antibody mediated blocking of 
TNF in mice caused a hypo-responsiveness to LPS treatment in mice (Beutler et al., 1985b). 
LPS effects on the animal immune response 
 Evaluation of a complete blood count (CBC) may highlight inflammatory induced 
changes in blood cells (Jones and Allison, 2007). When pre-pubertal Brahman bulls and 
heifers were injected with LPS (e-coli O111:B4) at a dose of 0.25 µg/kg BW leukocytes, 
lymphocytes, and neutrophils were decreased within 1 hour post injection, and remained 
depressed for 8 hours (Carroll et al., 2015). In healthy adult cattle the typical neutrophil to 
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lymphocyte ratio (NLR) is 1:2 (Jones and Allison, 2007), which is consistent with the pre-
challenge ratio observed by Carroll et al. (2015), however, this ratio was dramatically 
decreased immediately following administration of LPS, before increasing at 6 h post LPS, 
and beginning to decrease by 24 h post LPS administration. A greater NLR has been shown 
to correlate with negative patient treatment outcomes in critically ill humans (Zahorec, 2001; 
De Jager et al., 2010). Interestingly in Carroll et al. (2015), the peak NLR was greater in 
heifers than in bulls but was similar between sexes by 24 h after LPS administration, which 
could be associated with the short-lived response to LPS.  
Decreased lymphocytes have also been observed in dairy cows in response to 
endotoxin induced mastitis for the first 8 hours following LPS injection (Hopster et al., 
1998). Interestingly, the cows utilized by Hopster et al. (1998) were pre-selected based on 
their cortisol response to a novel-environment test (psychological stressor), and cows 
selected as having a high-cortisol response exhibited depressed lymphocyte concentrations 
for a longer duration in response to LPS than those determined as being low cortisol 
responders. This suggests that cattle susceptibility to stress events may vary and cattle with a 
heightened stress response could be more susceptible to losses in performance during a 
disease challenge. In fact, cows determined to have a greater cortisol response in Hopster et 
al. (1998) exhibited a greater depression in milk yield compared to those determined to be 
low cortisol responders.  
LPS effects on pro-inflammatory cytokine production in cattle 
 Following injection of LPS in Brahman bulls (average age: 288 ± 47.9 d) and heifers 
(average age: 253 ± 19.9 d) TNF-α concentrations were increased and peaked at 1 h and 2 h 
post LPS injection for bulls and heifers, respectively, with maximum concentrations being 
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greater in heifers (Carroll et al., 2015). The pro-inflammatory cytokine interferon gamma 
(IFN-!) was increased following LPS injection and peaked at 3.5 h post injection in bulls and 
4 h post injection in heifers but was more increased in bulls; however, IL-6 was not affected 
by sex and peaked within 2 h of LPS injection (Carroll et al., 2015). In dairy calves (average 
age: 29.6 ± 4.2 d) injected with 0.5 µg/kg BW of LPS (e-coli O111:B4), pro-inflammatory 
cytokines were increased for approximately 8 h, with TNF-α concentrations reaching a peak 
at approximately 1 h post LPS injection, and IL-6 concentrations reaching peak concentration 
3.5 h post injection (Plessers et al., 2015). These studies show a similar response in TNF-α in 
response to LPS injection in both young dairy calves as well as pre-pubertal Brahman bulls 
and heifers.  
 The pro-inflammatory cytokine response to LPS has also been well characterized in 
Angus steers (average BW: 299 ± 5 kg) that were injected with 2.5 µg/kg BW of LPS (e-coli 
O111:B4; Carroll et al., 2009). Concentrations of TNF- α were increased by 10,289% over 
pre-LPS injection concentrations and reached a maximum concentration at 1.4 ± 0.1 h, while 
IFN-! was increased by 509% and reached a maximum concentration at 3.9 ± 0.6 h. 
Concentrations of IL-6 and IL-1β were increased by 23,991% and 279% respectively and 
reached maximum concentrations at 4.3 ± 0.5 and 3 ± 0.4 h respectively; however, 
interleuklin-2 and -4 were not affected by LPS (Carroll et al., 2009). Similarities in 
inflammatory cytokine production across these studies suggests a similar inflammatory 
response to LPS even when administered at drastically different concentrations to cattle of 
various breed types.  
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Cytokine production happens rapidly in response to LPS injection, and synthesis of acute 
phase proteins is increased in response to cytokines. Thus, the acute phase protein response is 
a slightly more delayed response than the initial response exhibited by the pro-inflammatory 
cytokines.  
LPS effects on the acute phase protein response 
 The acute phase response is defined as the change in concentrations of acute phase 
proteins in response to inflammation (Gabay and Kushner, 1999). The acute phase proteins 
serum amyloid A (SAA) and haptoglobin (Hp) were increased in dairy calves following an 
injection of LPS (Plessers et al., 2015). Although both SAA and Hp began to increase at 8 h 
post LPS injection, SAA reached a maximum concentration at 24 h and returned to pre-LPS 
injection concentrations at 72 h, but Hp concentrations peaked at 18 h and had returned to 
pre-injection concentrations by 48 h post injection. This may explain why Carroll et al. 
(2009) did not see an increase in SAA or the acute phase protein ceruloplasmin in response to 
LPS, as blood samples were not collected after 8 h post-LPS injection. Interestingly, the 
acute phase protein response has been shown to be LPS dose dependent, when dairy cows 
were challenged with 10, 100, or 1,000 ng LPS (e-coli O55:B5)/kg BW in increasing 
concentrations 3-weeks apart (Jacobsen et al., 2004). Circulating concentrations of SAA and 
Hp increased in a dose dependent manner, with SAA concentrations peaking at 48 h post-
injection regardless of LPS dose, whereas Hp concentrations reached a maximum 
concentration for the 100 ng LPS/kg BW dose at 48 h post injection with Hp concentrations 
reaching a peak at 72 h in response to the 1,000 ng LPS/kg BW dose. While the pro-
inflammatory response observed across studies appears to be relatively similar regardless of 
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LPS dose, very few studies have studied the response to LPS in a dose dependent manner. 
Thus, the results of Jacobsen et al. (2004) may suggest that at least parts of the physiological 
response to LPS may be dose dependent. However, further studies are needed to evaluate 
dose dependent responses to LPS in ruminants.  
LPS effects on clinical signs of morbidity 
 Respiratory rates (RR) have been shown to increase in response to LPS injection. 
Dairy calves exhibited an increase in RR within 1 h following LPS injection, and were 
similar to saline injected calves by 6 h post injection (Plessers et al., 2015). Similarly, Angus 
steers respiratory rates were increased by 73% in response to an LPS injection, reaching a 
maximum of 49 ± 0.7 breaths per minute by 0.9 ± 0.2 h post injection (Carroll et al., 2009). 
Heart rate has also been shown to increase in response to LPS, reaching a peak at 
approximately 5 h post LPS injection (Carroll et al., 2015; Plessers et al., 2015). 
Interestingly, the heart rate response to LPS appears to be sexually dimorphic, as the 
maximum heart rate observed by Carroll et al. (2015) was greater in heifers than bulls, and at 
5 h post LPS injection the heart rate in bulls began to decrease while remaining increased in 
heifers until approximately 8 h post injection.  
 Rectal temperature (RT) is also increased in response to LPS, and is likely mediated 
through inflammatory cytokine production. In dairy calves, rectal temperature increased from 
~38.7℃ to reach a maximum of 39.4℃ by 5 h post injection (Plessers et al., 2015). In 
Brahman bulls and heifers a maximum increase in rectal temperature was observed 5 h post 
LPS injection, and was further increased in heifers compared to bulls (Carroll et al., 2015). In 
Angus steers both rectal and ear temperature increased in response to LPS  injection, where 
rectal temperature increased to 40.2 ± 0.2 ℃ by 4.9 ± 0.4 h post injection and ear 
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temperature increased to 31.7 ± 1.1 ℃ by 5.9 ± 0.6 h (Carroll et al., 2009). The similarities in 
clinical responses to LPS injection across these studies is likely due to the use of same 
serotype of e-coli, although the doses administered ranged from 0.25-0.50 µg/kg BW to 
animals of varying ages and breed types.  
LPS effects on the HPA-axis 
 Serum cortisol concentrations were increased in response to LPS injection in 
Brahman bulls and heifers, but did not differ due to sex; rather, serum cortisol concentrations 
increased in all animals within 0.5 h post LPS injection and reached a peak concentration of 
~ 75-80 ng/ml at ~ 3 h post injection (Carroll et al., 2015). Similarly, serum cortisol 
concentrations increased in Angus steers in response to LPS, increasing by 3,127% and 
reaching a maximum concentration of 99 ± ng/ml at 3.4 ± 0.3 h post LPS injection (Carroll et 
al., 2009). The increased cortisol concentrations may suggest a protective effect of 
glucocorticoids against LPS induced shock. Injection of LPS at sub-lethal concentrations to 
adrenalectomized mice proved to be lethal; however, treatment of adrenalectomized mice 
with the exogenous glucocorticoid dexamethasone prevented mortality (Bertini et al., 1988). 
These data provide a link between activation of the innate immune system and the HPA-axis 
and provide evidence for a protective role of glucocorticoids against pro-inflammatory 
cytokines produced by LPS. During production, animals are often faced with stressors which 
require multiple systems throughout the body to work in concert with one another to maintain 
or reinstate homeostasis. Thus, it is likely that when one or more of these systems is either 
hypo- or hyper-responsive to a given stressor that production traits and animal health are 
negatively impacted.  
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Potential interactions with LPS and zinc 
 Zinc is a biologically important trace mineral and may be important in an animal’s 
response to LPS; however, little is known about the direct connection between trace mineral 
status and response to an LPS challenge in vivo. However, it has been well identified that 
plasma Zn concentrations decrease in response to LPS in avian species (Butler and Curtis, 
1973), rodents (Pekarek and Beisel, 1969), humans (Gaetke et al., 1997), and cattle (Jacobsen 
et al., 2005). Plasma Zn concentrations decrease due to an IL-6 mediated upregulation of the 
hepatic Zn importer ZIP-14 in response to the inflammatory insult of LPS (Liuzzi et al., 
2005). The metal binding protein MT is also upregulated in the liver in response to 
inflammation (Liu et al., 1991), and is able to bind Zn within the liver. In fact, in MT null 
mice, hepatic Zn concentrations are largely unaffected by LPS; however, it is possible that 
hepatic uptake of Zn is possible in the absence of MT but at rates to meet immediate cellular 
Zn requirements (Philcox et al., 1995). Thus, as the upregulation of ZIP-14 and MT are 
mediated by pro-inflammatory cytokines in response to LPS, the increased expression of 
both the importer and storage protein are not dependent on one another.  
 Supplemental Zn has been shown to improve outcomes in response to LPS challenges 
in rodent species. When pregnant mice were injected with 0.5 mg LPS/kg BW 
subcutaneously, dietary supplementation of 100 mg Zn/kg DM improved fetal growth, and 
decreased the occurrence of fetal developmental abnormalities (Chua et al., 2006). It is 
believed that the LPS induced increase in MT and decrease in circulating Zn concentrations 
prevent placental transfer of Zn, and results in Zn-deficiency induced developmental 
abnormalities; as abnormalities are not reported in MT null mice (Carey et al., 2000).  
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 In mice challenged with 100 µg LPS/kg BW injected I.P., an injection of 2 mg 
ZnSO4/kg BW subcutaneously 1 h post LPS injection improved the appearance of sickness 
behavior. Mice treated with both LPS and Zn traveled a greater distance at an increased 
velocity than those treated with only saline (Kirsten et al., 2015). It is thought that TNF-α and 
IL-1β may mediate the influence of pathogens on behavior (Yirmiya et al., 1999), and in 
Kirsten et al. (2015), TNF- α concentrations were only detectable in the LPS and saline 
treated animals. Thus, it is possible that the absence of TNF-α was responsible for the 
observed behavior of the LPS + Zn treated animals. Furthermore, TNF-α converting enzyme 
(TACE) is a Zn dependent metalloenzyme, responsible for cleaving precursor TNF-α to its 
bioactive form (Mohan et al., 2002), allowing for its release from the cell membrane. 
However, as Zn was not limiting in the LPS + Zn injected mice, it is unlikely that activity of 
TACE was involved in the observed response in circulating TNF-α by Kirsten et al. (2015). 
Although sickness behavior is an important part of the immune response, the ability of a prey 
animal (such as cattle) to overcome sickness behavior could be important for survival. 
Further research should focus on evaluating the influence of Zn supplementation on LPS-
induced sickness behavior in cattle, as these effects are currently unknown.  
Summary 
 Lipopolysaccharide is a potent inducer of the innate immune response and can be 
utilized to mimic behaviors associated with illness. Thus, LPS has been utilized widely to 
study the innate immune response in many species. Alterations in circulating concentrations 
of trace minerals in response to LPS have been well characterized; however, the effects of 
differing trace mineral supplementation strategies on the response to LPS in cattle remains 
largely unknown. Due to the ability of LPS to alter trace mineral homeostasis, it is plausible 
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that differing trace mineral supplementation strategies may influence LPS induced changes in 
trace mineral homeostasis.  
Feed restriction as a stress induction model 
As cattle are managed through a traditional livestock marketing system many 
stressors are created which may ultimately result in decreased intake of feed and/or water. 
Such events include weaning, crowding, and exposure to infectious pathogens (Hoerlein and 
Marsh, 1957), as well as environmental and dietary challenges. However, cattle often face 
multiple stressors which may exacerbate the effects of these stressors on nutrient intake. An 
example of this would be arrival of calves into the feedlot, where calves may have been 
weaned, transported, vaccinated, and introduced to a new diet and environment over the 
course of 48-72 h. During the first week in the feedlot calves may only consume 
approximately 0.5-1.5% of their body weight on a DM basis, however by 28 d after arrival 
dry matter intake (DMI) may reach 2.5-3.5% of body weight (BW; Hutcheson and Cole, 
1986). Dry matter intake is further depressed in calves exhibiting morbidity compared to 
healthy appearing cattle (Hutcheson and Cole, 1986). Thus, the combination of production 
stressors placed on calves may result in a relatively short (approximately 1 week) period of 
decreased nutrient intake. However, as cattle respond to stressors with decreased feed intake, 
the stress period may cause or exacerbate nutritional deficiencies, and nutritional deficiencies 
may impair an animal’s ability to cope and overcome a stress event.  
 Additionally, feed restriction can be experienced by calves during both the growing 
and finishing periods in the feedlot. During this time feed restriction may be induced by poor 
feed-bunk management or by rapid dietary changes which may result in an episode of 
ruminal acidosis (Schwartzkopf-Genswein et al., 2003). However, it is important to realize 
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that even under excellent management conditions cattle may exhibit periods of voluntary 
feed restriction, which can contribute to the occurrence of sub-acute ruminal acidosis and 
decreased growth performance. Although feed restriction events can occur throughout the 
production cycle of the feedlot animal, the underlying cause of feed restriction may be 
different depending on stage of production.  
Feed restriction itself can result in a stress response by animals, as determined by 
increased circulating cortisol. In growing pigs fed a common diet to either ad-libitum intake 
or 60% of ad-libitum intake, salivary cortisol concentrations were greater in the feed 
restricted pigs compared to ad-libitum fed pigs when evaluated 3 h post feeding on the first 
day of restriction (Le Floc’h et al., 2014). Additionally, plasma cortisol concentrations were 
increased in feedlot steers and heifers following 24 h of complete feed and water restriction, 
compared to those receiving ad-libitum feeding or those exposed to a 24 h transit stress event 
(Marques et al., 2012). Plasma corticosterone (primary glucocorticoid produced by birds) 
concentrations were linearly correlated with severity of feed restriction in female broiler 
breeders (Najafi et al., 2015). However, in pigs while feed restriction may result in behaviors 
indicative of stress including increased time standing, and oral manipulation of the pen 
(rooting, sniffing, and licking), plasma cortisol concentrations are similar to non-restricted 
animals (De Leeuw and Ekkel, 2004). It is likely that beef cattle experiencing a feed 
restriction event may also exhibit behaviors indicative of stress that are not reflected by 
circulating cortisol concentrations.  
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Effects of feed restriction on gastrointestinal physiology 
 Feed restriction may result in alteration to the physiology of the ruminant 
gastrointestinal tract. Zhang et al. (2013a) exposed heifers to a feed restriction challenge that 
consisted of establishing a baseline individual animal feed intake for 5 d, followed by 5 d of 
feed restriction at either 25, 50, or 75% of their previous average ad-libitum intake. As 
severity of feed restriction was increased ruminal short chain fatty acid concentrations 
decreased during the restriction period. Furthermore, ruminal short chain fatty acid 
absorption has been shown to decrease as severity of feed restriction is increased (Zhang et 
al., 2013a). The effects of feed restriction on short chain fatty acid absorption appear to be 
unaffected by the forage to concentrate ratio of the diet fed during the restriction period 
(Albornoz et al., 2013a). However, feeding a moderate forage based diet prior to and during a 
feed restriction challenge improved the recovery DMI following the challenge; while feeding 
a high forage diet following a feed restriction challenge was beneficial for recovery of 
ruminal pH as well as DMI (Albornoz et al., 2013b). Although during a period of feed 
restriction rumen pH may increase it is important to note that upon re-feeding of a high grain 
diet rumen pH may decrease resulting in a bout of sub-acute ruminal acidosis (Krause and 
Oetzel, 2005). Thus, the recovery period following a bout of feed restriction is equally 
critical to restoring optimum rumen function.  In fact, Zhang et al. (2013b) showed that 
regardless of feed restriction severity, a feed restriction event increases the risk for ruminal 
acidosis when animals are allowed free access to feed following the restriction event. 
 Circulating concentrations of metabolites are altered in response to short term feed 
restriction events. Zhang et al. (2013a) reported increased concentrations of plasma glucose 
in heifers restricted to 75% of their previous intake, compared to their baseline glucose 
41 
concentrations. Plasma non-esterified fatty acid (NEFA) concentrations were greater in 
heifers exposed to feed restriction at 25% of their previous intake compared to heifers 
restricted to either 50 or 75% of their previous intake, whereas plasma concentrations of β-
hydroxybutyrate was decreased due to feed restriction regardless of severity (Zhang et al., 
2013a). In heifers allowed to adapt to a high concentrate diet for either 34 or 8 d before an 
acidosis challenge (1 d feed restriction at 50% of baseline intake, with an intraruminal 
infusion of ground barley, and immediately allowed ad-libitum intake), plasma metabolites 
were affected by sampling time, but not by length of pre-challenge adaptation (Schwaiger et 
al., 2013). Plasma concentrations of insulin and lactate were increased due to the acidosis 
challenge; however, plasma lactate concentrations were lesser than baseline concentrations 7 
d post challenge while plasma insulin concentrations remained increased 7 d post challenge 
(Schwaiger et al., 2013). These data suggest that short term feed restriction events can 
influence circulating metabolites, however analysis of metabolites in feed restricted cattle has 
been limited to targeted analysis of specific metabolites.  
  Recovery of urinary Cr-EDTA (a marker of total tract barrier function) was increased 
following a feed restriction challenge compared to pre-restriction values in heifers receiving 
25% of their previous intake, while Cr-EDTA recovery due to feed restriction did not differ 
from pre-restriction values in heifers restricted to 50 or 75% of their previous intake (Zhang 
et al., 2013a). The results from Zhang et al. (2013a) show that moderate feed restriction can 
impair ruminal absorptive function; however, more severe feed restriction is needed to 
induce total tract barrier dysfunction. Barrier function is a critical role of the gastrointestinal 
tract, and the ability of the gastrointestinal tract epithelium to serve as a barrier between the 
external environment (lumen) and the internal environment is essential for maintaining 
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overall animal health (Camilleri et al., 2012). The severity of a feed restriction event may 
also impact the amount of time for the restoration of barrier function within the 
gastrointestinal tract (Zhang et al., 2013b). Throughout the production cycle of feedlot cattle, 
there are several opportunities for short term partial feed restriction to occur. Thus, it is 
plausible that cattle may experience gastrointestinal challenges including sub-acute ruminal 
acidosis and gastrointestinal barrier dysfunction. However, the severity of a restriction event, 
as dictated by duration and rate of restriction is likely to influence the magnitude of impacts 
to animal efficiency and health. 
Effects of feed restriction on circulating metabolites 
 Metabolites in circulation are altered due to feed restriction and may act as a marker 
for the physiological and metabolic changes occurring in an animal exposed to feed 
restriction. One common metabolite that is increased due to feed restriction is circulating 
concentrations of NEFA (Caldeira et al., 2007; Laeger et al., 2012). This increase in 
circulating NEFA concentrations in response to feed restriction is expected as mobilization of 
adipose tissue occurs to meet the metabolic demands of the animal (Adewuyi et al., 2005). 
Furthermore, greater concentrations of β-hydroxy butyrate are commonly found in 
circulation in feed restricted animals compared to ad-libitum fed animals (Laeger et al., 2012; 
Keogh et al., 2015). β-hydroxy butyrate is a product of fatty acid tissue catabolism, and 
circulating concentrations tend to increase in proportion with adipose tissue mobilization 
(Keogh et al., 2015). 
 Interestingly, effects of feed restriction on plasma glucose concentrations in 
ruminants are variable. When lambs sired by either terminal or merino breed types were 
exposed to a feed restriction challenge, plasma glucose concentrations were unaffected by up 
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to 12 h of feed restriction, regardless of sire breed type (Stewart et al., 2018). The ability of 
lambs to maintain plasma glucose concentrations for 12 h during a feed restriction event may 
be explained by the ruminal short chain fatty acid supply from residual feed within the rumen 
at the onset of feed restriction (Bergman, 1990). From 12-48 h of feed restriction, plasma 
glucose concentration decreased in lambs sired by both breed types, but was greater for 
merino sired lambs (Stewart et al., 2018). The greater decline in plasma glucose for merino 
sired lambs coincided with a greater increase in plasma NEFA and β-hydroxy butyrate 
concentrations in those lambs (Stewart et al., 2018). However, amino acid catabolism within 
muscle may also provide a C source for gluconeogenesis during fasting (Oddy et al., 1987), 
which may have accounted for increased plasma glucose concentrations in terminal sired 
lambs. Plasma glucose concentrations were not different in lactating dairy cows restricted to 
50% of their previous feed intake for 4 d compared to ad-libitum fed cows (Laeger et al., 
2012). However, previous work in dairy cattle has shown that glucose administration did not 
regulate feed intake (Al-Trad et al., 2009). Interestingly, although plasma glucose 
concentrations were not affected by feed restriction, Laeger et al. (2012) noted a tendency for 
decreased glucose concentrations in cerebral spinal fluid in response to feed restriction. It 
was suggested by the authors that central rather than peripheral glucose concentrations might 
exert an anorexic effect in ruminants (Laeger et al., 2012). 
 Circulating concentrations of leucine (a branch chain amino acid) have been shown to 
increase in dairy cows following a 6 d feed restriction (Baird et al., 1972), and in rats 
following a 48 h period of feed restriction (Vazquez et al., 1986). Work in rats suggests that 
during feed restriction there is a period of protein sparing that occurs, around 3 d into 
starvation leading to decreased whole body proteolysis, protein synthesis, and branch chain 
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amino acid oxidation and clearance (Holeček et al., 2001). Thus, increased plasma 
concentrations of branch chain amino acids observed during feed restriction may be due to 
lesser rates of branch chain amino acid catabolism, especially in skeletal and cardiac muscle 
(Holeček et al., 2001). However, activity of branched-chain α-keto acid dehydrogenase 
activity was increased in rat skeletal muscle after 4 or 6 days of starvation, suggesting an 
increase in the rate of branch chain amino acid catabolism (Holeček 2001). Thus, prolonged 
starvation likely results in lesser concentrations of circulating leucine. 
 Plasma arginine concentrations were increased in cows exposed to a 4 d restriction 
challenge where they were fed at 50% of their previous feed intake (Laeger et al., 2012). 
Arginine is a precursor for nitric oxide production, which in rodents is a stimulator of feed 
intake (Morley and Flood, 1991). However, arginine infusion did not influence feed intake in 
dairy cows (Vicini et al., 1988). Thus, it is possible that the role of arginine in stimulating 
feed intake may be less profound in ruminants compared to rodent species. 
Interactions between feed restriction and immune and inflammatory activation 
 Cortisol concentrations were increased in mid-lactation dairy cows restricted to 60% 
of their net energy for lactation requirement for 7 d (168 h), compared to those fed ad-libitum 
(Moyes et al., 2009). The cows in Moyes et al. (2009) were inoculated intramammarily with 
the gram positive pathogen, Strep. Bovis at h 132, however cortisol concentrations in the feed 
restricted cows were not different from ad-libitum fed cows by the time of inoculation. In 
response to the inoculation challenge, serum concentrations of haptoglobin increased in both 
feeding groups by 36 h post inoculation, but were greater in the restricted animals compared 
to ad-libitum fed animals. Additionally, concentrations of the acute phase protein serum 
amyloid A were greater in the milk of feed restricted animals compared to ad-libitum fed 
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animals in response to the inoculation challenge, although serum amyloid A concentrations 
were similar between the two groups (Moyes et al., 2009). Acute phase protein production is 
stimulated by IL-1β, IL-6, and TNF-α (Petersen et al., 2004), however, IL-1β and TNF-α 
concentrations in milk samples were not affected by inoculation, and circulating 
concentrations were not determined by Moyes et al. (2009). Thus, it is possible that 
differences in circulating cytokine concentrations may have resulted in the increased 
haptoglobin concentrations observed 36 h post inoculation by Moyes et al. (2009). However, 
when rats were fed either an ad-libitum diet or at 75% of the ad-libitum groups feed intake 
for 3 weeks, and administered house dust mite antigen via intratracheal administration, the 
ad-libitum fed rats exhibited an increase in TNF-α, while feed restricted rats did not (Dong et 
al., 2000). It is possible that the attenuation of the inflammatory response in feed restricted 
rats (Dong et al., 2000) may have been due to the protective action of increased 
glucocorticoids, which have been shown to attenuate inflammation in feed restricted mice 
(Klebanov et al., 1995). 
When mice and rats were either fed a common diet ad-libitum or restricted to 50% of 
ad-libitum intake for 28 d and then injected intraperitoneally with 50 µg LPS (e-coli 
O111:B4)/kg BW, the febrile response was attenuated in the feed restricted mice 
(MacDonald et al., 2011; MacDonald et al., 2014). While feed restricted mice were able to 
initially mount a febrile response, body temperatures decreased more rapidly than in those 
fed ad-libitum. Furthermore, the feed restricted animals in MacDonald et al. (2011, 2014) 
exhibited greater concentrations of serum corticosterone, and lesser concentrations of IL-6 at 
2 and 4 h post LPS injection compared to ad-libitum fed animals. It is possible that the febrile 
response was attenuated in the feed restricted animals due to the energy demand of 
46 
maintaining a febrile response. The increased corticosterone concentrations and lesser 
concentrations of IL-6 in feed restricted animals may also be indicative of a greater anti-
inflammatory response in these animals which could explain the attenuated morbidity 
exhibited in these animals. Interestingly, when mid-lactation dairy cows were fed either ad-
libitum or restricted to 80% of their maintenance requirements for 14 d and then challenged 
with an intramammary LPS injection, there was no effect of feed restriction on milk and 
serum TNF-α, total blood leukocyte concentrations or milk immunoglobulin G 
concentrations (Perkins et al., 2002). The results from these studies suggest that severity of 
feed restriction may contribute to the degree to which inflammatory and immune responses 
are altered in response to an LPS induced inflammatory challenge. 
Interactions between feed restriction and trace minerals  
 Little is known about the effects of feed restriction challenge on trace mineral biology 
in livestock. However, when DMI decreases due to feed restriction, intake of trace minerals 
will also decrease. When rats were fed either an ad-libitum diet or a restricted diet consisting 
of 70% of ad-libitum feed intake for 18-weeks, the average intake of trace minerals including 
Mn, Fe, Co, Cu, Zn, and Se was found to be approximately 76% for the restricted animals 
compared to controls (Wu et al., 2019). However, whole blood and femur concentrations and 
urinary excretion of TM were unaffected by the lesser TM intake by feed restricted rats in 
Wu et al. (2019). As urine is not the major route of excretion for most TM it is unsurprising 
that urinary excretion was unaffected; fecal TM excretion would be useful in determining if 
rates of apparent absorption were affected by the feed restriction challenge, however this was 
not determined by Wu et al. (2019). Additionally, in circulation Zn is under tight homeostatic 
regulation, thus it is not a highly sensitive indicator of Zn status. A large portion of total body 
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Zn lies in the bone (Herzberg et al., 1990). When dietary Zn concentrations are low, a portion 
of bone Zn (approximately 10-20% of total bone Zn) can be released from the bone and 
utilized as an endogenous source (Zhou et al., 1993). However, as both blood and bone 
concentrations were unaffected by decreased TM intake in Wu et al. (2019), it is likely that 
the decreased TM intake was not severe enough to overwhelm the homeostatic mechanisms 
that control tissue Zn concentrations.  
 Rats were utilized in a study to determine the effects of dietary trace mineral 
concentration and feed intake on trace mineral status and activity of Zn and/or Cu dependent 
enzymes (Taylor et al., 1988). Rats were either fed a Zn or Cu deficient diet (< 1.1 mg Zn/kg 
DM or < 0.8 mg Cu/kg DM), or a Zn or Cu adequate diet (100 mg Zn/kg DM or 15 mg 
Cu/kg DM) fed either to ad-libitum intake, or pair fed to the intake of rats receiving the 
deficient diets. Although feed intake is not reported, growth was decreased in animals 
consuming the deficient diets as well as the pair-fed animals, when compared to ad-libitum 
fed control animals. However, plasma Zn or Cu concentrations were only decreased in the 
animals consuming the deficient diets and were similar between the pair-fed and ad-libitum 
fed animals. This suggests that when dietary intake is decreased, trace mineral concentration 
of the diet may affect the extent to which feed restriction may influence trace mineral status. 
The activities of CuZn-superoxide dismutase (CuZn-SOD) and catalase in the liver were 
decreased in animals consuming the Cu deficient diet compared to pair-fed animals; while 
MT concentration was decreased in the liver of animals consuming the Zn deficient diet 
compared to pair-fed animals (Taylor et al., 1988).  
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Thus, lesser feed intake alone does not explain the differences in enzyme activity and protein 
concentrations which would suggest that animals with differing TM statuses may respond 
differently to a feed restriction challenge.  
During a feed restriction event, metabolism of macronutrients is altered, leading to 
greater mobilization of lipids stored in adipose tissue, as well as proteolysis of skeletal 
muscle to compensate for decreased intake of energy and other macronutrients. Furthermore, 
Cu deficiency has been shown to influence of the metabolism of carbohydrates (Fields et al., 
1983), fatty acids, (Cunnane, 1982), and cholesterol (Allen and Klevay, 1978) in rodents. 
Thus, it is possible that animals with differing Cu status may respond differentially to a feed 
restriction event. In beef steers, supplementation of 10 or 20 mg Cu from CuSO4/kg DM 
during the finishing phase resulted in lesser 12th-rib backfat depth compared to non-
supplemented controls (Engle and Spears, 2000). Furthermore, increased fasting 
concentrations of norepinephrine were observed in Cu supplemented steers, which is 
believed to be responsible for increased rates of lipolysis which would lead to decreased 
backfat (Engle et al., 2000b). Copper supplementation has also been shown to decrease 
circulating and longissimus muscle concentrations of cholesterol (Engle and Spears, 2000). 
Furthermore, Cu supplementation has increased cholesterol concentrations in the liver of 
steers (Engle et al., 2000a). Reduced glutathione is required for binding and storing Cu in the 
liver (Freedman et al., 1989), and lesser concentrations of reduced glutathione can decrease 
the activity of 3-hydroxy-3-methylglutaryl CoA reductase (Ziegler, 1985), which is required 
for the synthesis of cholesterol (Kostner et al., 1989).  
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Summary 
 During the course of an animal’s time in the feedlot there are numerous stressors that 
may result in an unintended feed restriction event. There are many factors that may influence 
an animal’s response to a feed restriction event and may include stage of production as well 
as current plane of nutrition. While it has been established that feed restriction can impact 
circulating concentrations of metabolites, use of targeted approaches may limit the scope to 
which feed restriction induced changes in metabolism can be observed. Thus, studying the 
broad changes in circulating metabolites due to feed restriction may provide greater insight 
into the widespread impacts that feed restriction has on the animal.  
Additionally, a feed restriction event may also exacerbate a pre-existing nutritional 
deficiency; however, the effects of feed restriction on cattle with differing trace mineral 
statuses has not been well evaluated.  
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Abstract  
The objective was to evaluate the effects of Zn supplementation and adrenocorticotropic 
hormone (ACTH) challenge on nutrient digestibility, trace mineral metabolism, and circulating 
trace mineral concentrations in lambs. It was hypothesized that ACTH injection would decrease 
nutrient digestibility and Zn retention, but Zn supplementation would improve Zn retention, 
regardless of ACTH challenge. Twenty-two Polypay cross wethers previously enrolled in a trial 
where they consumed a moderately Zn deplete diet (22 mg Zn/kg DM) for 52 d were blocked by 
d 52 BW to one of two dietary treatments: CON (Zn deplete diet) or ZINC (Zn deplete diet plus 
40 mg Zn/d from ZnSO4) for 15 d, while housed in metabolism crates. On d 1 of the present trial 
lambs were placed in metabolism crates, removed briefly on d 2 for set up of collection 
materials, with total fecal and urine collected on d 3-5. Lambs were randomly assigned to receive 
injectable treatments, once daily on d 1-4 at feeding: SALINE (2 mL saline I.M.), STRESS (80 
I.U. ACTH I.M.); lamb was experimental unit (n = 5-6/treatment). Blood samples were collected 
on d 0, 1, 4 3h post feeding. Day 4 plasma Zn concentrations were covariate adjusted with d 0 
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concentrations, resulting in a diet × injection tendency (P = 0.06) where ZINC-SALINE plasma 
Zn concentrations were greater (P ≤ 0.03) than other treatments, which were similar (P ≥ 0.64). 
An injection × time tendency (P = 0.07) for plasma cortisol concentrations shows increased d 1 
and 4 cortisol concentrations in STRESS vs. SALINE (P ≤ 0.002), but d 0 cortisol concentrations 
were not affected by injection (P = 0.48). Apparent absorption and Zn retained (as a percentage 
of Zn intake) were increased (P ≤ 0.004) in CON vs. ZINC and tended to be decreased in 
STRESS vs. SALINE (P = 0.13). Zinc retained (mg/d), and apparent absorption of Mn and Cu 
was similar across all treatment (P ≥ 0.19). Dry matter (DM) and organic matter (OM) 
digestibility tended to be decreased in ZINC vs. SALINE; neutral detergent fiber (NDF) and acid 
detergent fiber (ADF) digestibility were decreased (P ≤ 0.04) in ZINC vs. SALINE. Injection 
treatment had no effect on macronutrient digestibility (P ≥ 0.37). The CON lambs were 
marginally Zn deficient based on plasma Zn concentrations and rate of apparent absorption. 
Plasma cortisol concentrations indicate lambs may have been affected by physiological stress, 
and that physiological stress may alter Zn metabolism in ruminants. 
 
Keywords: nutrient digestibility, adrenocorticotropic hormone, zinc, manganese, lambs  
 
Introduction 
Livestock are exposed to a variety of stressors during the production cycle including 
weaning, transportation, and dietary changes, all of which can drive losses in performance and 
efficiency (Grandin, 1997; Loerch and Fluharty, 1999). In response to stress ACTH is secreted 
by the anterior pituitary and acts on the adrenal glands, resulting in release of glucocorticoids 
into circulation, of which cortisol is the primary glucocorticoid produced in ruminants. This 
response can be produced experimentally through injection of exogenous ACTH (Haussman et 
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al., 2000; Knott et al., 2008). An increased cortisol response to ACTH injection has been 
associated with decreased feed efficiency in sheep (Knott et al., 2008). Thus, cortisol secretion 
may have negative impacts on animal growth performance and efficiency. In non-mammalian 
species, ACTH administration has been shown to decrease DM, energy, carbohydrate, and N 
digestibility (Puvadolpirod and Thaxton, 2000), while ACTH administration along with feed and 
water restriction in cattle has been shown to decrease Cu and Zn retention (Nockels et al., 1993). 
Decreased retention of Zn could negatively impact animals, as Zn plays an essential role in many 
metabolic processes involved in growth and immune function (Oberleas and Prasad, 1969; 
MacDonald, 2000; Ibs and Rink, 2003). Thus, the objective of this study was to evaluate the 
effects of Zn supplementation and ACTH challenge on nutrient digestibility, trace mineral 
metabolism, and circulating trace mineral concentrations in lambs. It was hypothesized that 
administration of ACTH would lead to lesser nutrient digestibility and Zn retention by lambs, 
and that Zn supplementation would improve Zn retention regardless of ACTH administration.  
 
Materials and Methods 
All experimental procedures and protocols were approved by the Iowa State University 
Institutional Animal Care and Use Committee (log number: 9-16-8353-O). 
Twenty-two crossbred Polypay wethers (average BW 43.1 ± 3.29 kg) were previously 
enrolled in another trial, in which all lambs were stagger started in three periods on a common 
total mixed ration (TMR) containing marginal Zn (Table 1; 22 mg Zn/kg DM) for 52 d. On d 52 
lambs were transported 6.4 km from the Iowa State University sheep teaching farm (Ames, IA) 
to the Iowa State University metabolism facility. On d 53 lambs were placed in steel metabolism 
crates (123.2 cm [length] by 41.9 cm [width] by 93.4 cm [height]), with a rubber coated grated 
flooring and stainless-steel feeders equipped with plastic waterers. The metabolism crates 
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allowed two lambs to be housed next to one another while limiting physical contact and allowing 
visual contact. Lambs were assigned to dietary treatments based on d 52 body weight: common 
diet with no supplemental Zn (CON) or common diet with supplemental Zn (40 mg Zn/d from 
Zn sulfate, Zinc Nacional, Monterrey, SA, Mexico; ZINC). Zinc was administered as a top-dress 
provided at 0700h in 100 g of fine ground corn with 228 g of TMR on an as fed basis, CON 
lambs received only fine ground corn and TMR. On d 53 lambs were placed in steel metabolism 
crates and Zn treatments were started and fed throughout the trial for 15 d. Following the 15d 
supplementation period, lambs were removed from the crates on the morning of d 68 and 
comingled by dietary treatment. The next morning (d 0 of the present trial) lambs continued to 
receive dietary treatments in pens. Lambs were placed back in crates for one full day of dietary 
intake (d 1). On d 2 lambs were briefly removed from metabolism crates to set up collection 
materials before returning to crates for 3 d of total fecal and urine collection (d 3 – 5 of the 
present trial). Feed was offered daily at 0800h at 95% of previous feed intake determined during 
the previous trial, to limit sorting of the TMR during collection, and lambs had ad libitum access 
to water. 
ACTH challenge and blood sampling  
To complete the 2 × 2 factorial treatment arrangement, lambs within each dietary 
treatment were assigned to one of two injection treatments (n = 5 - 6 lambs/treatment 
combination): 2 mL of saline injected intramuscularly (SALINE) or 80 I.U. ACTH 
(adrenocorticotropic hormone from porcine pituitary, Millipore Sigma, St. Louis, MO) injected 
intramuscularly into the neck (STRESS). Lambs received one injection at feeding for four 
consecutive days starting with d 1 of the present trial) and ending on d 4. 
Blood samples for plasma TM and cortisol were collected 3 h post feeding on d 0, 1 and 
4 of the present trial. Blood samples collected via jugular venipuncture into 7 mL trace element 
73 
K2 EDTA blood collection tubes and 10 mL K2 EDTA blood collection tubes (Becton Dickinson 
and Company, Franklin Lakes, NJ) were placed on ice and centrifuged at 1200 × g for 10 mins at 
4°C. Plasma was stored at -80°C until analysis of plasma TM and cortisol (DetectX® species 
independent Cortisol Enzyme Immunoassay Kit, Arbor Assays, MI, USA).  
Sample collection and analytical procedures  
 During the 3 d collection period TMR, orts, feces and urine were collected and 
composited, as described by Lundy et al. (2015) and Carmichael et al. (2018). Orts, TMR, and 
feces were dried at 70°C in a forced air oven for 48 h and then ground to fit through a 2-mm 
screen using a Retsch ZM 100 grinding mill. (Retsch GmbH, Haan, Germany). Dry matter and 
organic matter (OM) intake, fecal excretion and digestibility were determined as described by 
Pogge et al. (2014). Neutral detergent fiber (NDF) and acid detergent fiber (ADF) were 
determined for TMR samples, orts, and feces using an ANKOM 200 fiber analyzer (Ankom 
Technology, Macedon, NY) and methods described by Van Soest et al. (1991) and Lundy et al. 
(2015). A sample of brome grass hay was included in each run to verify consistency across runs 
(inter-assay CV: 1.7% and 3.0%, for NDF and ADF, respectively).  
Orts, TMR, and feces samples were microwave digested (CEMS MARSXPRESS, 
Mathews, NC) with trace mineral grade nitric acid and diluted to 20% with deionized water. 
Plasma and urine samples were prepared for mineral analysis as described by Pogge and Hansen 
(2013) and Pogge et al. (2014). Digested feces, orts, and TMR samples, and plasma and urine 
samples were analyzed for trace minerals via inductively coupled plasma atomic emission 
spectrometry (Optima 7000 DV, PerkinElmer, Waltham, MA). Total fecal, orts, TMR, and urine 
mineral content, as well as daily mineral intake and excretion, apparent absorption, and retention 
were calculated as described by Pogge et al. (2014).   
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Statistical analysis  
Data were analyzed as a 2 × 2 factorial arrangement using the Mixed procedure of SAS 
(SAS version 9.4, SAS Inst. Inc., Cary, NC). The model included the fixed effects of diet, 
injectable treatment, period and the interaction of diet and injectable treatment. Day 4 plasma 
TM concentrations were covariate adjusted with d 0 concentrations; however, d 0 plasma trace 
mineral samples were missing for two lambs in the ZINC-SALINE, one lamb in the CON-
SALINE, and one lamb in the CON-STRESS treatments in period one. Plasma cortisol 
concentrations were analyzed as repeated measures, utilizing the unstructured covariate structure. 
All data were examined for outliers using Cook’s D and one outlier belonging to CON-STRESS 
was identified and was removed from all plasma cortisol analyses, and one outlier belonging to 
CON-SALINE was identified and removed from plasma Fe analysis. Significance was declared 
at P ≤ 0.05 and tendencies were declared at 0.06 ≤ P ≤ 0.13. When diet × injection interactions 
were non-significant, main effects are discussed.  
Results  
Plasma trace mineral and cortisol concentrations.  
Plasma trace mineral and cortisol data are reported in Figure 1. Day 4 plasma Zn 
concentrations tended (P = 0.06) to have a diet × injection effect in which ZINC-SALINE lambs 
had greater plasma Zn concentrations (P ≤ 0.03) than all other treatments which were similar to 
each other (P ≥ 0.64). Day 4 plasma Cu and Fe concentrations were not affected by diet × 
injection or diet (P ≥ 0.23), but plasma Cu concentrations were decreased (P = 0.04) in STRESS 
vs. SALINE, while Fe concentrations were unaffected by injection (P = 0.14).  
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There tended (P = 0.07) to be an injection × time effect for plasma cortisol where 
SALINE and STRESS were similar at baseline (d 0), but concentrations increased in STRESS on 
d 1 and 4. There was a diet × time effect (P = 0.04) for plasma cortisol where CON and ZINC 
were similar on d 0 and 1, but cortisol concentrations increased in ZINC on d 4.  
Daily trace mineral intake, excretion, apparent absorption, and retention 
 Daily trace mineral intake, excretion, apparent absorption and retention data are 
presented in Table 2. By design, daily Zn intake was lesser in CON compared to ZINC (P < 
0.001). Zinc intake was unaffected by injection treatment (P = 0.22). There was a tendency (P = 
0.09) for a diet × injection effect on fecal Zn excretion where CON-STRESS and CON-SALINE 
lambs had similar fecal Zn excretion (P = 0.47), while within ZINC lambs STRESS had greater 
fecal Zn excretion than SALINE (P = 0.005). Urinary excretion of Zn was not affected by diet or 
injection treatment (P ≥ 0.49). Apparent absorption of Zn and Zn retained as a percentage of Zn 
intake were greater in CON compared to ZINC (P ≤ 0.004) and tended to be lesser in STRESS 
compared to SALINE (P = 0.13); however, total retained Zn (mg/d) was not affected by diet or 
injection (P ≥ 0.24). Apparent absorption of Zn and Zn retained as a percentage of Zn intake was 
affected by period (P = 0.03) where periods one and two were greater than period three.  Zinc 
retained (mg/d) was greatest in period two, lesser in period three and intermediate in period one 
(period effect; P = 0.05). Zinc intake and excretion were not different due to experimental period 
(P ≥ 0.20). Daily intake, fecal excretion, and apparent absorption of Mn and Cu were not 
affected by diet or injection treatment (P ≥ 0.19). Intake of Mn was affected by period (P = 
0.009), and was greater in period one, intermediate in period two, and lesser in period three. 
Apparent absorption of Mn was affected by period (P < 0.001) and was greater in period one, 
intermediate in period two, and lesser in period three. Intake of Cu tended to be affected by 
period (P = 0.12) and was greater in period one than in periods two and three. Fecal excretion of 
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Cu was affected by period (P = 0.002) and was greatest in period one, lesser in period two, and 
intermediate in period three. Apparent absorption of Cu was affected by period (P = 0.04), and 
was intermediate in period one, greatest in period two, and lesser in period three.    
Nutrient intake, excretion, and digestibility 
 Nutrient intake, excretion, and digestibility data are reported in Table 3. Dry matter, OM, 
NDF, and ADF intake and fecal excretion were not affected by diet or injection (P ≥ 0.29). 
Neutral detergent fiber and ADF digestibility were greater (P ≤ 0.04) and DM and OM 
digestibility tended to be greater (P ≤ 0.11) in CON vs. ZINC. Dry matter, OM, NDF, and ADF 
digestibility were not affected by injection treatment (P ≥ 0.35). Dry matter and OM intake were 
greater (P ≤ 0.03) in period one than periods two and three. Neutral detergent fiber intake tended 
(P = 0.09) to be greater in period one, intermediate in period two, and lesser in period three. Dry 
matter and OM digestibility were greatest in period one, intermediate in period two, and lesser in 
period three (P < 0.001). Neutral detergent fiber digestibility tended to be greatest in period one, 
intermediate in period two, and lesser in period three (P = 0.06). Intake and digestibility of ADF 
was not affected by period (P ≥ 0.17). Excretion of DM, OM, NDF, ADF, and total urine output 
was similar across all periods (P ≥ 0.34). 
Discussion 
During the production cycle ruminants face many stressors, including weaning, 
transportation, and potential exposure to pathogens (Grandin, 1997; Loerch and Fluharty, 1999). 
Animals may have an increased Zn requirement during a stress event due to the role of Zn in 
immune system function, inflammation, and oxidative stress (Marikovsky et al., 2003; Prasad, 
2009). In addition to these functions Zn is also critical for growth (Nagalakshmi et al., 2012) and 
if Zn is limiting, priority may be shifted from growth to maintain critical defense systems 
throughout the body, which may include the immune system. While stress appears to alter Zn 
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metabolism (Takeda and Tamano, 2010) little is known about the impact of cortisol release on 
Zn metabolism and nutrient digestibility in ruminants. The current research induced acute stress 
via 4-days of ACTH injections to assess the effects of acute stress on Zn metabolism and nutrient 
digestibility in ruminants 
The samples collected for baseline cortisol samples were collected when all animals were 
housed in co-mingled pens, whereas samples collected for d 1 and d 4 were collected when 
animals were house in metabolism crates. Thus, it is possible that the difference in sampling 
environment led to baseline samples being elevated in both injection treatments. However, 
plasma cortisol concentrations were increased on d 1 and d 4 in STRESS vs. SALINE lambs 
when evaluated 3 h post injectable treatment administration. Plasma cortisol concentrations 
following ACTH injection peak in a dose dependent manner within approximately 1 h post 
injection (Fulkerson and Jamieson, 1982; Oelkers et al., 1988); however, increased plasma 
cortisol concentrations have been observed out to 6 h post ACTH administration (Paape et al., 
1977). Plasma cortisol concentrations in the current study are likely not reflective of peak plasma 
cortisol concentrations following administration of injectable treatments. However, increased 
plasma cortisol in STRESS lambs at both d 1 and 4 suggests this model was successful at 
inducing physiological stress during the experimental period.  
Rats with decreased serum Zn concentrations following Zn depletion have been reported 
to have increased serum corticosterone concentrations relative to Zn adequate control animals 
(Takeda et al., 2007). This is in contrast to the present study where d 4 plasma cortisol 
concentrations were increased in ZINC compared to CON lambs. However, increased circulating 
corticosterone in Zn deficient animals in the study by Takeda et al. (2007) may be secondary to 
symptoms of more severe Zn deficiency such as anorexia and decreased growth, while plasma 
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Zn concentrations in the present study indicate only a marginal Zn deficiency. Although growth 
performance was not determined in the present study, DM intake was similar between both 
dietary treatments, suggesting that Zn deficiency was not severe enough to elicit further 
symptoms (Suttle, 2010).  
Exogenous ACTH injections have been shown to decrease Zn retention in ruminants 
(Nockels et al., 1993); however, in the present study Zn retention (mg/d) was similar across all 
treatments but numerically decreased in STRESS lambs. Nockels et al. (1993) utilized a stress 
protocol that included ACTH injections every 8 h for 72 h along with feed and water restriction. 
This strategy could act as a model for studying transit stress, as feed and water are restricted 
during transit events (Nockels et al., 1993). Not all stressors involve a prolonged period of feed 
and water restriction, for example weaning (Lefcourt and Elsasser, 1995) and environmental 
stressors (Hicks et al., 1998) may cause ACTH secretion during times when animals have ad 
libitum access to feed and water. In the current trial lambs received injections once daily for 4 
days and feed and water were not withheld. This suggests that timing and magnitude of a stressor 
may determine the extent to which Zn metabolism is altered during a stress event, and a better 
understanding of how the severity of a stress event impacts Zn metabolism may lead to 
opportunities to improve TM supplementation strategies.    
In the present study, d 4 plasma Zn concentrations in CON-SALINE, CON-STRESS, and 
ZINC-STRESS were considered marginally deficient, based on guidelines described by Kincaid 
(2000); however, ZINC-SALINE lambs maintained plasma Zn status. After receiving a 
moderately Zn deficient diet for more than 70 d it is unsurprising that SALINE and STRESS 
lambs within CON were marginally deficient on d 0; however, the requirement for Zn should 
have been met in ZINC lambs, yet delivery of ACTH to ZINC lambs decreased plasma Zn 
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concentrations to values similar to the non Zn supplemented CON lambs. Cousins (1985) 
demonstrated that acute stress decreases plasma Zn concentrations, noting this may be due to an 
observed increase in metallothionein (MT) in response to stress.  
Increased expression of MT may also explain the tendency for ACTH injection to alter 
Zn metabolism through lesser apparent absorption of Zn. Zinc homeostasis is largely controlled 
at the point of intestinal absorption (Cousins, 2010), and increased MT in the enterocyte of the 
small intestine tightly binding Zn may have contributed to the lesser apparent absorption of Zn 
by STRESS lambs. Furthermore, increased MT expression may also explain the trend for Zn 
supplemented STRESS lambs to have increased fecal Zn excretion compared to Zn 
supplemented SALINE lambs. Zinc bound to MT in the enterocyte of the small intestine would 
be excreted in the feces upon sloughing of the intestinal epithelium. The interaction may also in 
part be driven by a numerical increase in Zn intake by ZINC-STRESS lambs. Metallothionein 
can also bind Cu (Cousins, 1985), which may explain the lesser plasma Cu concentrations 
observed in STRESS lambs vs. SALINE lambs on d 4. Although in the present study apparent 
absorption of Cu was not affected by diet or injection treatment, binding of Cu by MT in the 
enterocyte could potentially result in lesser apparent absorption of Cu. These results suggest the 
application of stress to ruminants supplemented with ZnSO4 decreases Zn availability for 
biological processes to a similar extent as in lambs receiving a Zn deplete diet. Further research 
is needed to understand how the severity of stress and dietary Zn concentration may impact the 
extent to which Zn and Cu metabolism are affected.  
  Hepatic Mn concentrations have been shown to decrease in cortisol treated mice 
compared to saline treated controls (Hughes et al., 1966). More recently the Mn dependent 
enzyme Mn superoxide dismutase has been shown to have increased activity in the mitochondria 
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located in the inner zones of ACTH stimulated adrenal glands compared to non-treated controls 
(Raza et al., 2005). Collectively these data suggest that post absorptive Mn metabolism and 
activity of Mn dependent enzymes may be affected by activation of the HPA-axis, however, little 
is known about the impacts of ACTH on Mn apparent absorption in ruminants. In the present 
study Mn apparent absorption was not affected by exogenous ACTH challenge, but Mn can be 
recovered from bile and recycled to maintain whole body Mn homeostasis through the transport 
protein ZIP8 (Lin et al., 2017). Calculation of apparent absorption does not allow for separation 
of Mn excreted on first pass metabolism from that which has been excreted in the bile or 
potentially recycled. Further work is needed to understand the impacts of exogenous ACTH 
challenge on Mn metabolism and subsequent activity of Mn dependent enzymes in ruminants, 
particularly in animals receiving various concentrations of supplemental Mn.  
 Although lambs were enrolled in a previous trial, they were maintained on the same 
dietary treatments throughout both trials. While a 5 d collection period was utilized by VanValin 
et al. (2018), a 3-d collection period was used in the present trial, because acute stress events 
such as weaning or transport to and from auction barns are unlikely to last 5 d. Nutrient 
digestibility coefficients reported by VanValin et al. (2018) were similar to those determined in 
the present trial, suggesting that a 3 d collection period was adequate for measuring accurate 
digestibility and to observe differences due to treatment. 
  Nutrient digestibility (DM, OM, NDF, ADF) by lambs was not affected by injection of 
ACTH in the present study. In contrast, broilers exposed to a continuous infusion of ACTH for 7 
d in a chronic stress model exhibited similar DM intake to non-stressed controls, however 
digestibility of DM, energy, carbohydrate, and nitrogen was decreased (Puvadolpirod and 
Thaxton, 2000). Impacts of exogenous ACTH injection on nutrient digestibility in ruminants are 
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not well studied. The present study suggests ruminants may be able to maintain adequate nutrient 
digestibility during a stress challenge, but this may be dependant of length and severity of a 
stress event. Further research is needed to establish to what extent ruminants can maintain 
digestive efficiency during stress. 
Nutrient digestibility can be affected by Zn supplementation; however, this relationship 
can also be influenced by source and rate of supplemental Zn (Arelovich et al., 2000; Garg et al., 
2008; Eryavuz and Dehority, 2009). In vitro DM disappearance is decreased when 
pharmacological concentrations of Zn are utilized, and lesser cellulose digestion may be 
contributing to these differences (Eryavuz and Dehority, 2009). However, in situ DM 
disapearance was also depressed when TM (Zn, Mn, Cu) were supplemented at physiologically 
relevant concentrations to steers from sulfate sources compared to non supplemented controls 
(Genther and Hansen, 2015). Dry matter digestibility tended to be lesser in ZINC compared to 
CON in the present study, where ZINC lambs were supplemented with 40 mg Zn/d from ZnSO4.  
The Zn requirement for the lambs in the present study was approximately 45 mg Zn/d (NRC, 
2007), thus depression of nutrient digestibility by ZINC lambs in the present study was not due 
to rates of supplementation above physiologically relevant concentrations. This suggests that 
supplemental Zn source, rather than rate of supplementation may be affecting nutrient 
digestibility in the present study. Supplementation with TM (Zn, Mn, Cu) from sulfate sources 
resulted in lesser total tract NDF digestibility by dairy cows compared to cows supplemented 
with TM from hydroxy sources (Faulkner and Weiss, 2017), while NDF and ADF digestibility 
were lesser in ZINC compared to CON in the present study. Data from the present study, and 
Faulker and Weiss, (2017) suggest that even at physiologically relevant concentrations 
supplementation with Zn from ZnSO4 can negatively impact fiber digestion in ruminants.  
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Conclusions 
In conclusion, stress induced through repeated ACTH injections negatively impacted Zn 
metabolism. While ruminants may have an increased need for Zn during stress events due to the 
involvement of Zn in critical defense systems, ruminants in the present study tended to have 
lesser intestinal absorption of Zn when exposed to stress. Furthermore, lambs exposed to ACTH 
and receiving supplemental Zn, had similar plasmsa Zn concentrations to non Zn supplemented 
CON lambs. Thus, furrther work in ruminants is needed to elucidate small intestine Zn 
absorption and storage mechanisms that may be influenced by physiological stress and Zn status. 
Absorption coefficients for Zn were decreased by supplemental Zn, resulting in daily retained Zn 
being similar among lambs regardless of dietary Zn supplementation. Supplementation with 
ZnSO4 decreased fiber digestibility while physiological stress did not affect nutrient digestibility, 
and further work is needed to better understand the relationship between Zn supplementation and 
fiber digestion in ruminants. 
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Table 1: Ingredient and nutrient composition of total mixed ration (TMR) diet1 
 
 
 
 
 
 
 
 
 
 
 
 
 
1Common TMR fed to all lambs during the trial. CON received 
only the TMR, ZINC received the TMR + 40 mg Zn/d from  
ZnSO4.  
2DM: dry matter.  
3Basal provided per kg of diet DM:  0.2 mg Co, 25 mg Mn,  
0.22 mg Se, 0.6 mg I.   
4Basal provided as a percent of diet DM: 5.92% ground corn,  
2.1% calcium propionate, 0.25% dicalcium phosphate, 0.5% 
urea, 0.1% vitamin ADE premix (contained 900,000 IU of  
vitamin A, 225,000 IU of vitamin D, and 180 IU of vitamin E  
per kilogram of premix), 0.015% Bovatec (provided lasalocid at  
27 mg/908 kg diet DM; Zoetis, New York, NY), 0.5% salt,  
0.1% Mg oxide, 0.5% ammonium chloride. 
5OM: organic matter, NDF: neutral detergent fiber, ADF: acid  
detergent fiber, CP: crude protein, EE: ether extract. 
6Analysis performed by Dairyland Laboratories (Arcadia, WI). 
Item % of diet DM2 
Ingredient  
    Cracked corn 39.00 
    Cottonseed hulls 20.00 
    Corn gluten meal 14.00 
    Grass hay 13.00 
    Basal3,4 10.00 
    Molasses   4.00 
Analyzed composition5  
    DM                     88.00 
    OM                     84.52 
    NDF                     36.12 
    ADF                     21.30 
    CP6                       19.59  
    EE6                         2.85 
    Zn, mg/kg DM                    22 
    Cu, mg/kg DM                        5.4 
    Fe, mg/kg DM                    111 
    Mn, mg/kg DM                       33 
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Table 2. Influence of dietary Zn supplementation and ACTH challenge on plasma cortisol and trace mineral concentrations of lambs1 
 Diet2 Injection treatment3  P-values4 
 CON ZINC SALINE STRESS SEM Diet Inj Prd D × I 
Zn          
 Intake, mg/d 25.9 63.6 43.5 46.0 1.45 0.001 0.22   0.29 0.38 
 Fecal5, mg/d  21.5 59.0 38.4 42.1 0.97 0.001 0.01   0.20 0.09 
 Urine, mg/d  0.28 0.30 0.27 0.30 0.029 0.60 0.49   0.59 0.39 
 Apparent absorption, % 16.0 7.04 13.5 9.57 1.79 0.002 0.13   0.03 0.64 
 Retained, mg/d 4.07 4.32 4.79 3.59 0.82 0.84 0.24   0.05 0.60 
 Retained, % of intake 14.9    6.5   12.7   8.7 1.87 0.004 0.13   0.03 0.61 
Mn          
 Intake, mg/d 45.9   43.1   42.8  46.2 2.57 0.43 0.34   0.009 0.44 
 Fecal, mg/d 44.4   41.5   41.4  44.5 2.06 0.30 0.28   0.88 0.70 
Apparent absorption, % 1.44     0.54     2.18   -0.21 2.69 0.80 0.52   0.001 0.33 
Cu          
 Intake, mg/d 6.62 6.25 6.19 6.68 0.331 0.41 0.28 0.12 0.44 
 Fecal, mg/d 5.71 5.41 5.57 5.54 0.212 0.30 0.91 0.002 0.14 
 Apparent absorption, % 12.78 13.39 10.63 15.53 2.683 0.19 0.87 0.04 0.78 
1ACTH: adrenocorticotropic hormone. 
2Dietary treatments: CON: common total mixed ration, ZINC: common total mixed ration + 40 mg Zn/d from ZnSO4. 
3Injection treatment: Injections were given once daily on d 1-4. Saline: 2 mL physiological saline injected intramuscularly (IM), 
STRESS: 80 IU adrenocorticotropic hormone injected IM.  
4Inj: injection treatment, Prd: experimental period; D × I: Diet × Injection treatment interaction. 
5There was a tendency for a D × I interaction where CON-STRESS lambs (26.2 mg Zn/d) and CON-SALINE (25.5 mg Zn/d) had 
similar fecal Zn excretion (P = 0.47), and within ZINC lambs STRESS (65.7 mg Zn/d) had greater fecal Zn excretion than SALINE 
(61.5 mg Zn/d; P = 0.005). 
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Table 3. Influence of dietary Zn supplementation and ACTH challenge on nutrient digestibility by lambs1 
 Diet2 Injection treatment3  P-values4 
 CON ZINC SALINE STRESS SEM Diet Inj Prd 
Nutrient intake, kg/d          
DM5 1.24 1.19 1.18 1.25 0.075 0.56 0.32 0.03 
OM5 1.17 1.13 1.11 1.18 0.071 0.56 0.32 0.03 
NDF5 0.44 0.42 0.41 0.44 0.030 0.56 0.31 0.09 
ADF5 0.24 0.23 0.22 0.24 0.018 0.55 0.29 0.34 
Nutrient output, kg/d         
DM 0.36 0.37 0.36 0.38 0.023 0.82 0.31 0.42 
OM 0.34 0.34 0.33 0.35 0.016 0.77 0.33 0.43 
NDF 0.23 0.24 0.23 0.25 0.016 0.59 0.31 0.34 
ADF 0.16 0.17 0.16 0.17 0.011 0.38 0.46 0.39 
Urine, L/d 1.22 1.16 1.16 1.21 0.084 0.54 0.63 0.62 
Nutrient digestibility5, 
% 
        
DM 70.4 69.1 69.8 69.7 0.008 0.11 0.85 0.001 
OM 71.0 69.6 70.3 70.3 0.008 0.07 0.91 0.001 
NDF 45.8 41.8 43.6 43.9 0.002 0.04 0.85 0.06 
ADF 33.3 26.6 28.9 31.1 0.002 0.01 0.35 0.17 
1ACTH: adrenocorticotropic hormone. 
2Dietary treatments: CON: common total mixed ration, ZINC: common total mixed ration + 40 mg Zn/d from ZnSO4. 
3Injection treatment: Injections were given once daily on d 1-4. Saline: 2 mL physiological saline injected intramuscularly (IM), 
STRESS: 80 IU adrenocorticotropic hormone injected IM.  
4Inj: injection treatment, Prd: period; No diet × injection interaction (P ≥ 0.38). 
5DM: dry matter, OM: organic matter, NDF: neutral detergent fiber, ADF: acid detergent fiber.
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Figure 1. Influence of dietary Zn supplementation: 0 mg supplemental Zn/d (CON) or 40 mg supplemental Zn/d (ZINC), and ACTH 
challenge: injection of saline IM (SALINE) or 80 IU ACTH/lamb daily for 4 d (STRESS) on plasma cortisol and trace mineral 
concentrations. A) day 4 Plasma Zn concentrations (diet × injection; P = 0.06); B) day 4 plasma Cu concentrations (* = injection P = 
0.04) and plasma Fe concentrations (P ≥ 0.18; C) plasma cortisol concentrations (injection × time; P ≤ 0.07); D) plasma cortisol 
concentrations (diet × time; P = 0.04). Day 4 trace mineral concentrations were covariate adjusted with d 0 concentrations. Results 
with differing superscripts are different (a, b, c; P ≤ 0.05) or tended to be different (x, y, z; 0.06 ≤ P ≤ 0.13) 
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CHAPTER 4.    INFLUENCE OF SUPPLEMENTAL ZINC CONCENTRATION ON 
THE CIRCULATING TRACE MINERAL STATUS AND BLOOD CELL 
POPULATIONS OF STEERS DURING A LIPOPOLYSACCHARIDE CHALLENGE  
K. R. VanValina, J. M. Peschelb, A. K. Johnsona and S. L. Hansena 
 
aDepartment of Animal Science, Iowa State University, Ames, IA 50011, USA 
bDepartment of Agricultural and Biosystems Engineering, Iowa State University, Ames, IA , 
50011, USA 
Abstract 
To assess circulating trace mineral (TM) concentrations and blood cell populations in 
response to lipopolysaccharide (LPS) challenge in cattle, 96 Angus cross steers (average 
initial BW: 285 ± 14.4 kg) were sorted into two groups by BW (heavy and light; n = 
48/group) and stagger started 14 d apart on a 24-d trial. Consecutive day BW were recorded 
to start the trial (d -1, 0). Dietary treatments began on d 0: common diet with either 30 
(Zn30) or 100 (Zn100) mg supplemental Zn/kg DM (ZnSO4). On d 15, blood, rectal 
temperature (RT), and BW were recorded. Day 16 BW was used to assign injection 
treatments to complete the 2 × 3 factorial, where on d 17 steers received one of the following 
injection treatments I.V.: 1) SALINE (~2-3 mL of physiological saline), 2) LOWLPS: 0.25 
µg LPS/kg BW or 3) HIGHLPS: 0.375 µg LPS/kg BW. Approximately 6, 24 (d 18), and 48 
(d 19) h after treatment BW, RT, and blood were collected, and final BW was recorded on d 
24. Data were analyzed in Proc Mixed of SAS with fixed effects of diet, injection, diet × 
injection, for BW, RT, dry matter intake (DMI), and TM data repeated measures analysis was 
used to evaluate main effects over time. Body weight was unaffected (P ≥ 0.16), but there 
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was an injection × time effect for DMI and RT (P ≤ 0.04), where DMI decreased in both LPS 
treatments on d 17, but recovered by d 18, and RT was increased in LPS treatments 6 h post 
injection. At 6 h post injection, neutrophils and white blood cells were decreased in LPS 
treatments (P < 0.001). An injection × time effect (P < 0.001) for plasma Zn showed 
decreased concentrations within 6 h of injection and remained decreased through d 18 before 
recovering by d 19. A tendency for a diet × time effect (P = 0.06) on plasma Zn suggests 
plasma Zn repletion occurred at a greater rate in Zn100 compared to Zn30. Plasma Fe 
concentrations were decreased in response to either LPS treatment on d 18 and remained 
decreased through d 19 (P < 0.001). These results suggest increased supplemental Zn may 
alter rate of recovery of Zn status from an aggressive but acute inflammatory event. 
 
Introduction 
 
 The feedlot receiving period involves many stressors leading to increased disease 
incidence (Duff and Galyean). A common disease affecting cattle during feedlot receiving is 
bovine respiratory disease (Johnson and Pendell, 2017), and symptoms of bovine respiratory 
disease can be mimicked by injection of lipopolysaccharide (LPS; Carroll et al., 2009b). 
Lipopolysaccharide, a component of the cell wall of most gram-negative bacteria (Zähringer 
et al., 1999), binds to the myeloid differentiation-2 and toll like receptor-4 complex on the 
surface of mononuclear cells (Alexander and Rietcschel, 2001). Upon LPS binding, a series 
of Zn dependent post translational modifications are required for production of pro-
inflammatory cytokines (Wan et al., 2014). Pro-inflammatory cytokines are a critical 
component of the immune response necessary for resolution of infection (Mogensen, 2009). 
Furthermore, LPS administration results in leukopenia, likely due to extravasation into 
tissues (Kvidera et al., 2016). Hepatic Zn and Fe concentrations are increased in response to 
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LPS in other species (Ayedemir et al., 2012; Liuzzi et al., 2005), resulting in lesser 
circulating Zn and Fe. Additionally, urinary excretion of Cu and Zn increase in response to 
infectious bovine rhinotracheitis virus in cattle (Orr et al., 1990). Thus, as Zn appears to be 
utilized during the innate immune response, and trace mineral (TM) homeostasis is 
disrupted, there may be a greater need for dietary Zn during this time. Consulting feedlot 
nutritionists have reported feeding 100 mg Zn/kg DM (Samuelson et al., 2016), which is in 
excess of the NASEM (2016) recommended 30 mg Zn/kg DM, possibly due to the positive 
role of Zn in immune function. Thus, the objective of this study was to assess plasma TM 
concentrations and blood cell populations in response to various LPS injection doses in cattle 
supplemented with either 100 or 30 mg Zn/kg DM. It was hypothesized that LPS 
administration would decrease plasma TM concentrations and blood cell populations, 
regardless of LPS dose, and that increased supplemental Zn would decrease the severity of 
these changes.  
  
Materials and Methods 
 
 All experimental procedures were approved by the Iowa State University Institutional 
Animal Care and Use Committee (IACUC-18-226). 
 
Experimental design and sample collection 
 Ninety-six Angus crossbred steers (average initial BW 285 ± 14.4 kg) purchased from 
a single ranch were utilized in the present trial. Three days after arrival all steers were 
weighed, vaccinated with Vision 7 and Vista Once SQ (Merck Animal Health., Summit, NJ, 
USA), treated against parasites with Dectomax injectable (Zoetis Inc., Kalamazoo, MI, 
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USA), and received a unique visual and electronic identification tags. The current study was 
part of a behavioral observation study, which required two observational groups, thus steers 
were sorted by weight into two groups (heavy and light; n = 48 steers per group) which were 
stagger started 14 d apart on the 24-d experimental protocol (Table 1). Upon arrival and until 
the start of the experimental period for each group, steers received a common total mixed 
ration (TMR; Table 2) supplemented with 30 mg Zn/kg DM from ZnSO4. 
Within group, consecutive day BW (d -1, d 0) were recorded to start the trial, and 
steers were blocked by BW to pens (6 steers per pen), and pens randomly assigned to one of 
two dietary treatments (4 pens/treatment) consisting of the common TMR supplemented with 
either 30 mg Zn/kg DM (Zn30) or 100 mg Zn/kg DM (Zn100) from ZnSO4. Each group 
began receiving dietary treatments on day 0. Each pen was equipped with one GrowSafe 
bunk (GrowSafe systems Ltd., Airdrie, Alberta, CA), and an automatic waterer that was 
shared between two adjacent pens.  
Lipopolysaccharide challenge  
 On d 16 for each group BW were recorded and utilized to assign 2 steers per pen to 
one of three LPS challenge treatments: 1) SALINE: 2.5-3 mL of 0.9% physiological saline 
(VetOne; MWI Veterinary Supply, Meridian, ID, USA) injected IV at the same volume that 
would have been injected in LPS treatments based on steer BW; 2) low dose LPS (E.coli 
O55:B5, Sigma-Aldrich, St. Louis, MO, USA; LOWLPS): 0.25 µg LPS/kg BW injected IV; 
3) high dose LPS (HIGHLPS): 0.375 µg LPS/kg BW injected IV. Injection treatments were 
administered via jugular venipuncture using a winged infusion set that was pre-flushed with 
2 mL of physiological saline. Upon administration of injection treatment, 6 mL of 
physiological saline was flushed through the infusion set. The LPS solution was made by 
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dissolving LPS in sterile saline at a concentration of 50 µg/mL and passing through a 0.2 µm 
sterile non-charged syringe filter (Thermo Scientific, Waltham, MA, USA).  
Rectal temperature (RT) and respiration rate (RR) were recorded on d 16. 
Respiration rates were determined by two individuals recording the visual respirations of 
each steer for 15 seconds while the steer stood in a chute, and the average of the two 
observed results were calculated and multiplied by 4 to determine the RR in breaths per 
minute. Baseline blood samples were also collected on d 16 via jugular venipuncture into 
either sodium heparin tubes, K2 EDTA tubes, or TM grade EDTA tubes for plasma, tubes 
with no additive for serum, or K2 EDTA tubes for whole blood (Becton Dickson and 
Company, Franklin Lakes, NJ). Samples for serum were allowed to clot at room temperature 
for at least 2 h while samples for plasma were immediately placed on ice, until centrifugation 
at 1200 × g for 10 minutes.  
On the morning of d 17 steers were weighed again immediately prior to treatment 
injections being given, to ensure consistency with d 16 BW that was used for LPS dose 
determination. Upon administration of the injection treatment steers were allowed to return to 
their home pens. Approximately 6 h following injection treatment administration on d 17, 
steers were briefly brought to the working facility for determination of RR, RT, and for blood 
collection as previously described. On the morning of d 18 and 19 (approximately 24 and 48 
h post injection treatment, respectively) steers were weighed, RT recorded, and blood again 
collected as previously described. Steers were weighed again on d 24 to end the trial. 
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Blood sample analysis 
 Plasma TM concentrations (Cu, Fe, and Zn) were determined from samples collected 
into TM grade EDTA tubes on d 16, 17, 18, and 19. A subset of steers were used for the 
analysis of plasma TM, which included one randomly selected steer/injection treatment 
within a pen (n = 3 steers/pen; n = 8 steers/treatment combination in total). Sample 
preparation and TM analysis of plasma was conducted as described by (Pogge et al., 2014). 
Whole blood samples collected on d 17 were refrigerated at 4ºC overnight and transported on 
ice to the Iowa State University Veterinary Diagnostic Laboratory for complete blood count 
(CBC) analysis with automated differential, for determination of blood cell populations. 
Feed analysis and determination of dry matter intake  
 Weekly TMR samples were collected throughout the trial for each dietary treatment. 
The TMR samples were dried in a forced-air oven for 48 h for DM determination. Daily DMI 
was determined by applying a DM correction to daily individual animal as-fed intake values 
collected via GrowSafe bunks. Individual daily DMI are reported for d 15, 16, 17, 18, and 19, 
in order to determine pre-challenge DMI (d 15,16) and assess the effects of the LPS 
challenge (d 17-19) on DMI.  Dried TMR samples were ground to fit through a 2-mm screen 
in a Retsch ZM 100 grinding mill (Retsch GmbH, Haan, Germany). A composite sample was 
made for each dietary treatment within each group from the weekly dried and ground TMR 
samples. Composite samples were sent to Dairy Land Laboratories (Arcadia, WI) for wet 
chemistry analysis to determine organic matter, crude protein, ether extract, neutral detergent 
fiber, and acid detergent fiber. To analyze TMR samples for TM concentrations the dried and 
ground composites were microwave digested (CEMS MARSXpress, Matthews, NC) with 
TM grade nitric acid and diluted to 10% nitric acid with deionized water and analyzed via 
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inductively coupled plasma atomic emission spectrometry (Optima 7000 DV, PerkinElmer, 
Waltham, MA.) 
Statistical analysis  
 Body weight, RT, plasma TM, and DMI were analyzed as repeated measures using 
the Mixed procedure of SAS (SAS version 9.4, SAS Inst. Inc., Cary, NC). Steer was the 
experimental unit and the model included the fixed effects of group, diet, injection treatment, 
with the interactions of diet × injection, diet × time and injection × time. Day of trial (time) 
was the repeated effect. Day 0 BW were used as a covariate in the analysis of BW and DMI 
data. The interaction of diet × injection × time was not significant (P ≥ 0.23) for any variable 
and was removed from the model. Covariance structures were selected based on the lowest 
corrected Akaike Information Criterion and were heterogeneous Toeplitz for RT and DMI, 
unstructured for BW data, and autoregressive (1) for plasma TM concentrations. Rectal 
temperature data were log transformed to meet normality assumptions, and back transformed 
means and SEM are presented. Day 17 RR were covariate adjusted using d 16 RR. The CBC 
data were analyzed using the using the Mixed procedure of SAS, with steer as the 
experimental unit and the fixed effects of diet, injection treatment and group, and the 
interaction of diet and injection treatment.  All data were examined for outliers using Cook’s 
D. Significance was declared at P ≤ 0.05 and tendencies were declared at 0.05 < P ≥ 0.10. 
Results 
There were no diet × injection × time, diet × time, injection × time, or diet × injection 
effects for BW (P ≥ 0.16; Figure 1A) There was a group effect for BW, where group one 
(337 ± 1.6 kg) was greater than group two (329 ± 1.7 kg; P = 0.001). There were no diet × 
injection × time, diet × time, or diet × injection effects (P ≥ 0.38) for DMI. There was an 
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injection × time effect for challenge period DMI (P < 0.002; Figure 1B), where DMI was 
similar across treatments for d 15 and 16 (P ≥ 0.12); while on d 17 HIGHLPS and LOWLPS 
were not different from each other (P = 0.12) but were lesser than SALINE (P < 0.001). On 
day 18 and 19 all treatments were similar (P ≥ 0.11). There was a group effect for DMI (P = 
0.02), where group one (7.46 ± 0.19 kg/d) had lesser DMI during the challenge period than 
group two (8.12 ± 0.20 kg/d). 
 There were no diet × injection × time, diet × time, diet × injection, or group effects 
for RT (P ≥ 0.35). There was an injection × time effect (P = 0.04; Figure 1C) where RT 
were similar (P ≥ 0.23) 24 h prior to injection administration, while at 6, 24, and 48 h post 
injection RT in HIGHLPS and LOWLPS were similar (P ≥ 0.38). At 6 and 24 h post 
injection RT were greater (P ≤ 0.04), and at 48 h post injected, tended to be greater (P 0.10) 
in HIGHLPS compared to SALINE. However, LOWLPS tended to be greater (P ≤ 0.08) than 
SALINE at 6 h post injection but was similar to SALINE at 24 and 48 h post injection (P ≥ 
0.12). Respiration rate data are reported in Figure 1D. There was a tendency (P = 0.10) for a 
diet × injection effect for 6 h post injection RR where within Zn100, HIGH and LOWLPS 
treatments were greater than SALINE (P ≤ 0.05), while no injection effects within Zn30 were 
noted (P ≥ 0.12). There was also a group effect for RR (P = 0.006), where group one (46 ± 
1.9 breaths/minutes) had lesser breaths/minute than group two (54 ± 2.0 breaths/minute). 
 Results of CBC data measured at 6 h post injection administration are reported in 
Table 4. There was a diet × injection effect (P = 0.01) for hemoglobin concentrations in 
which Zn100-HIGHLPS was lesser than Zn30-HIGHLPS and Zn100-SALINE (P < 0.05). 
However, Zn30-HIGHLPS tended to be greater than Zn30-LOWLPS (P = 0.06). There was a 
diet × injection effect (P = 0.007) for hematocrit, where within Zn100, HIGHLPS tended to 
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be lesser (P = 0.07) than LOWLPS and was lesser than SALINE (P = 0.02), and within Zn30 
HIGHLPS tended to be greater than LOWLPS and SALINE (P ≤ 0.07). Furthermore, Zn100-
HIGHLPS was lesser than Zn30-HIGHLPS (P = 0.006) while all other treatment 
combinations were similar (P ≥ 0.15).  
There was a diet × injection effect for lymphocytes (P = 0.04), where Zn100-SALINE 
was greater than Zn30-SALINE (P = 0.02), but lymphocytes were lesser in LPS treatments 
regardless of dietary treatment (P < 0.001). Furthermore, the HIGHLPS treatments tended to 
be lesser than Zn30-LOWLPS (P ≤ 0.09), and all other treatments were similar (P ≥ 0.18). 
There was a diet × injection effect (P = 0.03) for monocytes, where monocytes were greatest 
in SALINE regardless of dietary treatment (P < 0.001), Zn30-LOWLPS and Zn100 LPS 
treatments were similar (P ≥ 0.37) while monocytes were lesser in Zn30-HIGHLPS (P ≤ 
0.003). There was a tendency (P = 0.08) for a diet × injection effect for eosinophils, where 
eosinophils tended to be lesser in Zn100-HIGHLPS compared to Zn30-HIGHLPS (P = 0.07) 
and within Zn30, HIGH-LPS tended (P = 0.07) to be greater than LOWLPS and was greater 
than SALINE (P = 0.01). All other diet and treatment combinations were similar (P ≥ 0.20). 
There was a diet × injection effect for the neutrophil to lymphocyte ratio (NLR; P = 0.04) in 
which within Zn100 NLR was greater in LPS treatments vs. SALINE (P ≤ 0.03), while 
within Zn30, NLR was similar across injection treatment (P ≥ 0.14)There was an injection 
effect for white blood cells, platelets, neutrophils, and basophils where all decreased due to 
LPS treatments (P < 0.001) but were not affected by dietary Zn treatment (P ≥ 0.15).  
 There were no diet × injection × time effects (P ≥ 0.23) for plasma TM 
concentrations. There were no diet × time, injection × time, diet × injection, diet or injection 
effects for plasma Cu (P ≥ 0.18; data not shown). Plasma Cu concentrations were affected by 
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time (P < 0.001) relative to injection treatment administration, where plasma Cu 
concentrations were lesser 6 h post injection compared to all other timepoints and averaged 
0.98, 0.93, 0.98, and 1.01 ± 0.024 mg/L for -24, 6, 24, and 48 h relative to injection 
admistration, respectively. Plasma Cu concentrations were also lesser in group two compared 
to group one (P ≤ 0.001). There was no diet × time or diet × injection effect for plasma Fe (P 
≥ 0.17). There was an injection × time effect (P = 0.001; Figure 2A) for plasma Fe where on 
24 h prior to injection administration, concentrations were lesser in LOWLPS compared to 
SALINE (P = 0.05), but were similar in all other treatments (P ≥ 0.17), while 6 h after 
injection administration, Fe concentrations were similar between all treatments (P ≥ 0.30). At 
24 and 48 h after injection administration, plasma Fe concentrations were decreased in both 
LPS treatments compared to SALINE (P < 0.02).  
There was no diet × injection effect for plasma Zn concentrations (P = 0.16). There 
was an injection × time effect (P ≤ 0.001; Figure 2B) for plasma Zn where 24 h prior to 
injection administration, concentrations were lesser in LOWLPS compared to SALINE (P = 
0.004), but were similar in all other treatments (P ≥ 0.13). LOW and HIGHLPS plasma Zn 
concentrations were decreased 6 h and 24 post injection administration compared to SALINE 
(P < 0.001), and tended to be lesser (P = 0.07) in HIGH-LPS compared to SALINE at 48 h 
post injection administration, while LOWLPS was similar (P = 0.11) to SALINE at 48 h post 
injection. There was a diet × time effect (P = 0.03; Figure 2C) for plasma Zn concentrations 
where plasma Zn concentrations were decreased (P < 0.001) for both dietary treatments at 6 
h post injection treatment administration but were greater (P = 0.01) in Zn100 compared to 
Zn30 at 48 h post injection administration.  
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Discussion 
 Feedlot animals are subjected to numerous stressors during production, including 
pathogen exposure, and injection of LPS can be utilized to induce an inflammatory response 
which is similar to that caused by bovine respiratory disease (Carroll et al., 2009b), which is 
estimated to cost the US feedlot industry 54 million USD in direct treatment costs annually 
(Johnson and Pendell, 2017). Zinc is an essential TM in the diets of feedlot cattle (Suttle, 
2010). Although current national recommendations for Zn in beef cattle were established to 
prevent deficiency (30 mg Zn/kg DM; NASEM, 2016), these recommendations do not 
necessarily optimize animal health and growth. A recent survey has suggested that consulting 
feedlot nutritionists supplement Zn at over three times the national recommendations 
(Samuelson et al., 2016). Supplementing cattle with industry recommended trace mineral 
concentrations has been shown to increase average daily gain and increase HCW compared 
to cattle receiving NASEM recommended concentrations of supplemental trace mineral, or 
no supplemental trace minerals (Niedermayer et al., 2018).  However, Zn is also a required 
for intracellular signaling in the response by macrophages to LPS (Wan et al., 2014). Thus, 
this research was conducted to evaluate the response to LPS in steers receiving diets 
supplemented with Zn based on either the NASEM (2016) recommendations (30 mg Zn/kg 
DM) or industry recommendations (100 mg Zn/kg DM). 
 Symptoms of illness in response to LPS administration have been characterized in 
beef (Carroll et al., 2009b; Carroll et al., 2015) and dairy (Jacobsen, 2004; Plessers et al., 
2015) cattle. In the present study, RR and RT were recorded as symptoms of illness. In the 
present study RR was increased in LPS treated animals receiving the Zn100 diet, while RR 
were unaffected by injection treatment within the Zn30 treatment. Respiratory rates have 
been shown to be increased in cattle following administration of LPS (Carroll et al., 2009b; 
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Plessers et al., 2015); however, this has been observed at 1 h post injection whereas in the 
present study RR were determined at 6 h post injection. In the current study, RR tended to be 
decreased in the Zn100 steers receiving saline, compared to Zn100 steers receiving LPS; 
however, the exact reason for this effect is currently unknown. 
The increase in RT at 6 h post injection administration observed in LPS treated steers 
in the present study is in agreement with others (Carroll et al., 2009b; Carroll et al., 2015), 
although Carroll et al. (2009a) determined that the maximum increase in RT in response to 
LPS occurs at 5 h post LPS administration. Although not evaluated in the present study, it is 
thought that LPS induced pro-inflammatory cytokine production is responsible for the 
subsequent febrile response (Netea et al., 2000). Pro-inflammatory cytokines stimulate 
prostaglandin-E2, which binds to its receptor on thermoregulatory neurons of the 
hypothalamus ultimately resulting in development of the febrile response (Evans et al., 
2015). Interestingly, pigs supplemented with either 50 or 150 mg Zn/kg DM from ZnSO4 
(Roberts et al., 2002), or supplemented with 220 or 320 mg Zn/kg DM from a blend of 
ZnSO4 and Zn-amino acid complex (Fernandez et al., 2014), exhibited a greater febrile 
response to LPS (Roberts et al., 2002) or heat stress (Fernandez et al., 2014) than pigs 
supplemented with lesser concentrations of Zn. However, in the present study there was no 
effect of diet on RT. Interestingly, at lesser concentrations Zn appears to have a synergistic 
effect with LPS to promote pro-inflammatory cytokine production in-vitro (Driessen et al., 
1995), whereas at higher concentrations Zn appears to be anti-inflammatory. This may be 
through Zn inhibition of phosphodiesterase (Von Bülow et al., 2005); however, the rate of Zn 
supplementation required to observe this shift has not been determined in cattle.  
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In response to the LPS challenge plasma TM data demonstrated a classic immune 
response, known as nutritional immunity. Nutritional immunity describes the decreased 
concentrations of Fe and Zn and increased concentrations of Cu in response to inflammation 
or a pathogen, which results in sequestering of TM that are critical to pathogen survival. 
(Hood and Skaar, 2012). In the present study plasma Zn concentrations were markedly 
decreased in steers receiving LPS within 6 h of injection administration and remained 
depressed through 24 h after injection administration. It is interesting that plasma Zn 
concentrations exhibited a similar decrease regardless of dietary Zn or LPS concentrations. 
Though not measured in this study, this may suggest that the cytokine IL-6 would also be 
similarly increased regardless of these factors as plasma Zn concentrations are decreased due 
to the IL-6 induced upregulation of the Zn importer ZIP-14 (Liuzzi et al., 2005). In response 
to the influx of Zn, the intracellular Zn binding protein, metallothionein (MT) is also 
upregulated (Liu et al., 1991).  
In an analysis of the ZIP family of transporters, ZIP-14 has been shown to be the 
most up-regulated importer of the ZIP family in the liver, adipose tissue, and muscle 
following LPS administration in rats (Aydemir et al., 2012). In the present study, plasma Zn 
depletion was not affected by LPS injection concentration, which may suggest that ZIP-14 
and MT concentrations were able to adequately up-regulate in response to LPS at the given 
concentrations. In a knockout mouse model, ZIP-14 has been shown to be critical for LPS 
induced hypozincemia, as removal of ZIP-14 prevented hypozincemia in LPS treated mice 
(Aydemir et al., 2012) Additionally, it is possible that intestinal absorption of Zn was also 
impaired, potentially through down-regulation of the luminal Zn importer, ZIP-4 (Liuzzi et 
al., 2004). However, future work is needed to understand the Zn transport mechanisms that 
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are involved in the movement of extracellular Zn in response to immune activation in 
ruminants, and how this may be affected by supplemental Zn concentration. 
To start the present study, plasma Zn concentrations were similar and adequate in 
both dietary treatments, based on the reference ranges developed by (Kincaid, 2000; adequate 
0.8-1.4 mg/L). However, plasma Zn concentrations are not a sensitive indicator of TM status, 
and thus may not reflect subtle changes in Zn status (Hambidge, 2003), however plasma Zn 
concentrations can be increased or decreased when the homeostatic mechanisms regulating 
plasma Zn are overwhelmed. The tendency for dietary Zn concentration to differentially 
affect plasma Zn recovery following LPS challenge suggests Zn100 steers may have more 
quickly had circulating Zn available for metabolic processes compared to Zn30 steers.  
However, due to limited sampling times, it is difficult to assess the rate of plasma Zn 
repletion and the biological relevance of this small change is unclear. Thus, future work 
should be conducted to better understand the timing of fluctuations in plasma Zn in response 
to an LPS challenge. Additionally, future work is needed to understand the implications of 
greater plasma Zn concentrations following immune activation, as it related to animal growth 
and health. 
 Iron concentrations also decrease in circulation, resulting in increased concentrations 
of intracellular Fe, and in rats treated with LPS, this decrease occurred at 8 h post LPS 
administration (Duvigneau et al., 2008). However, in the present study plasma Fe 
concentrations were unaffected by LPS at 6 h post injection administration, but were 
markedly decreased by 24 h. Interestingly, ZIP14 can also facilitate cellular uptake of non-
transferrin bound Fe; however, LPS induced hyperferremia persisted in ZIP14 knockouts 
(Aydemir et al., 2012). However, ZIP-14 knockout mice, express increased transcript 
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abundance of several proteins involved in Fe homeostasis, including hepcidin, divalent metal 
transporter-1 (DMTI1), ferritin, and transferrin receptor-1 (Aydemir et al., 2012). The 
transporter DMT1 is expressed in most tissues and cell types (Vidal et al., 1995), and 
transports divalent metal cations, including Fe2+ (Gunshin et al., 1997). Lipopolysaccharide 
induces cellular uptake of extracellular Fe through increased expression DMT1 (Wang et al., 
2005), and promotes sequestering of Fe through up-regulation of hepcidin (Kemna et al., 
2005), increased expression of the intracellular Fe binding protein, ferritin (Ong et al., 2005), 
and decreased hepatic synthesis of the major Fe binding protein transferrin (Barnum-Huckins 
et al., 1997). Thus, it is likely the expression of the major proteins involved in maintaining Fe 
homeostasis were altered in order to sequester Fe in response to LPS injection in the present 
trial. However, as plasma Fe concentrations were not changed at 6 h post injection 
administration, but markedly decreased at 24 h post injection, it would be beneficial to have 
increased sampling time points to evaluate the Fe plasma response to an immune activation 
challenge.  
 In contrast to expected increases in plasma Cu in response to LPS injection there was 
no effect of treatment on plasma Cu in the present study. Plasma Cu concentrations may 
increase following LPS induction, as Cu is bound to the acute phase protein ceruloplasmin 
(Kaplan and Lutsenko, 2009). However, short-term sampling studies suggest that at 
approximately 1.5 - 2 h post LPS injection, circulating concentrations of Cp are actually 
decreased (Carroll et al., 2009a; Carroll et al., 2011). This may be due to increased MT 
expression, which in addition to Zn, also has affinity for Cu. It is possible that due to the 
limited sample window in the present trial transient changes in circulating Cu as part of the 
acute phase response were missed.   
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 A CBC is a simple blood test that can detect changes in blood cell concentrations due 
to inflammation (Jones and Allison, 2007). Leukocytes, neutrophils, and lymphocytes have 
been shown to be decreased in cattle due to LPS injection (Carroll et al., 2015) and in the 
present study leukocytes, neutrophils, and lymphocytes were decreased due to LPS injection, 
regardless of LPS or supplemental Zn concentration. The decreased concentrations of 
neutrophils in circulation is a classic response to inflammation induced by LPS and is 
mediated through IL-1 (Cybulsky et al., 1986), and is indicative of neutrophil emigration to 
peripheral tissues (Cybulsky et al., 1988). The NLR has been negatively correlated with 
patient outcomes in critically ill humans, where an increased ratio leads to poorer outcomes 
(De Jager et al., 2010). The NLR of healthy adult cattle should be 1:2 (Jones and Allison, 
2007), and this ratio has been shown to initially decrease in response to LPS challenge in 
cattle, before increasing by 6 h post LPS injection (Carroll et al., 2015). Although there was a 
diet ×injection effect for NLR in the present trial, all means were ≥ 0.50 (1:2); however, 
steers receiving LPS within the Zn100 treatment had an increased NLR compared to the 
Zn30 animals receiving LPS. Due to the short-lived response of LPS, the effects of the 
increased NLR in Zn100 LPS treated animals on animal growth performance and health 
could not be assessed in the current trial.  
Monocyte concentrations may be markedly decreased in humans during an endotoxin 
challenge (Krabbe et al., 2001). Van der Poll et al (1996) suggests that transiently decreased 
monocytes leads to decreased production of pro-inflammatory cytokines, with monocytes 
returning to baseline counts by 6 h post endotoxin treatment. However, monocytes can also 
be stimulated by Zn to release pro-inflammatory cytokines (Haase and Rink, 2007). In the 
present study, steers in the Zn100-HIGHLPS group had greater concentrations of monocytes 
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than steers in Zn30-HIGHLPS. This might suggest the increased supplemental Zn is 
supporting the inflammatory response to LPS. However, due to the transient nature of 
monocytopenia, it is unclear if this improvement in monocyte concentrations in the Zn100-
HIGHLPS steers would result in a more rapid recovery to an inflammatory challenge. 
The decrease in DMI in response to LPS observed immediately after challenge in the 
present study is a hallmark response to LPS (McMahon et al., 1998). The fact that DMI was 
not impacted by dietary Zn treatment is not entirely surprising, as steers in both dietary 
treatments had similar Zn status based on plasma Zn concentrations. Due to the transient 
effects of LPS, no differences were observed in BW in the present trial. Roberts et al. (2002) 
also noted no effect of supplemental Zn concentration on growth performance in response to 
an LPS challenge in pigs. However, marginally Zn deficient rats exhibited lesser BW gain in 
response to an LPS challenge (Shea-Budgell et al., 2006). Thus, it would be interesting to 
evaluate the LPS effect on growth performance in animals with differing Zn status. There 
were no long-lasting impacts of the LPS challenge on DMI or BW; thus, LPS challenges 
could be utilized experimentally to study short-term responses without leading to negative 
impacts on performance. However, because this is a short term challenge the use of LPS for 
studying long term impacts of illness and immune activation on growth performance is 
limited.  
 In the present study, administrating LPS to steers at the two selected concentrations 
(0.25 or 0.375 µg LPS/kg BW) had similar effects on circulating TM concentrations, DMI, 
and BW. Thus, it is suggested that use of a single, lesser concentration of LPS can be utilized 
to induce symptoms of illness, and influence circulating TM concentrations. Feeding dietary 
Zn at industry recommendations had minimal impact on markers of illness or performance 
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assessed in this study, possibly due to the short duration of the LPS challenge. However, 
feeding increased concentrations of Zn to cattle prior to and during an LPS challenge may 
allow for a faster realignment of Zn homeostasis following an LPS challenge, based on rate 
of plasma Zn increases post challenge. Future work should evaluate plasma TM 
concentrations across a greater number of timepoints than utilized in the current study. 
Furthermore, evaluation of proteins involved in transport and storage of TM would allow for 
a greater understanding of the mechanisms behind the LPS disruption of TM homeostasis, 
potentially allowing for more strategic TM supplementation strategies.  
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Table 1. Experimental timeline 
Day1  Activity2 
-1 BW 
0 BW, assign to and start dietary treatments 
16  BW, blood, RT, RR, assign to injection treatments 
17 (challenge) BW, injection treatment administration; 6 h post injection administration: blood, RT, RR 
18 (1 d) BW, blood, RT 
19 (2 d) BW, blood, RT 
24 BW 
1Day is relative to the start of each group, and the two groups were started on the experimental timeline 14 d apart, values in 
parenthesis are d relative to challenge. 
2BW: body weight, RT: rectal temperature, RR: respiration rate. 
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Table 2. Common total mixed ration (TMR) 
Item DM, % 
Corn silage 40 
Sweet Bran1 40 
Dried distillers grains with solubles 10 
Vitamin and mineral pre-mix2 5 
Supplemental Zn pre-mix3 5 
Analyzed composition4  
DM 54.0 
OM 93.3 
NDF 32.6 
CP 17.7 
EE 3.87 
Zn5 81 
1Branded wet corn gluten feed (Cargill Corn Milling, Blair, NE).  
2Vitamin and mineral pre-mix provided per kilogram of diet DM: 0.15 mg Co (cobalt 
carbonate), 20 mg Mn (manganese sulfate), 0.1 mg Se (sodium selenite), 30 mg Zn (zinc 
sulfate), 0.5 mg I (calcium iodate). Remaining contributed (as % of total diet DM): dried 
distillers grains 3.04%, limestone 1.5%, vitamin A and E premix 0.11% (2.200 IU vitamin A 
and 25 IU vitamin E), salt 0.31%, urea 0.3%, Rumensin 90 0.015% 
3Supplemental Zn pre-mix provided 5% diet DM as dried distillers grains with solubles and 
contributed 70 mg supplemental Zn/kg DM from ZnSO4 to the ZN-100 dietary treatment. 
The ZN-30 dietary treatment received 5% diet DM as dried distillers grains in place of the 
supplemental Zn pre-mix. 
4DM and Zn analysis was performed by the Hansen laboratory, and OM, NDF, CP, and EE 
were determined by DairyLand Laboratories (Arcadia, WI, USA). 
5Analysis for Zn30, Zn100 analyzed at 139 mg Zn/kg DM
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Table 3. Effect of supplemental Zn concentration and lipopolysaccharide injection on complete blood counts (CBC) approximately 6 h 
after injection administration.  
1Zn30: 30 mg supplemental Zn/kg DM; Zn100: 100 mg supplemental Zn/kg DM; SALINE: physiological saline I.V. on d 17; 
LOWLPS: 0.25 µg LPS/kg BW on d 17, HIGHLPS: 0.375 µg LPS/kg BW on d 17. 
2D × I: diet × injection. 
3Data have been log transformed, and back transformed means and SE are presented. 
4 Mean corpuscular hemoglobin concentration (MCHC) was affected by group (P < 0.001) and was lesser in group 1(35.1 ± 0.093, 
gm/dl) than group 2 (36.1 ± 0.10). Hemoglobin was also lesser in group 1 (11.9 ± 0.12 gm/dl) compared to group 2 (12.5 ± 0.13 
gm/dl). 
5Five samples were unable to be analyzed for accurate platelet counts due to clumping within the sample and were removed from 
analysis.  
6Neutrophil to lymphocyte ratio, calculated as neutrophil concentration/lymphocyte concentration. Two steers were removed as 
outliers.  
 Zn301 Zn1001  P-value2 
Item SALINE1 LOWLPS1 HIGHLPS1 SALINE1 LOWLPS1 HIGHLPS1 SEM Diet Injection D × I 
WBC3, 103/µl 11.32a 5.83b 4.32c 12.12a 4.65b 4.65c 0.542 0.84 <0.001 0.66 
RBC, 106/ µl 9.11 8.80 9.13 9.11 9.00 8.81 0.235 0.83 0.60 0.46 
Hemoglobin4, gm/dl 12.05ab 12.04ab 12.60a 12.42ab 12.33ab 11.81b 0.235 0.82 0.98 0.01 
Hematocrit3, % 33.87ab 33.91ab 35.38a 35.1a 34.67ab 32.99b 0.66 0.79 0.88 0.007 
MCV, fl 37.30 38.70 39.08 38.58 38.67 37.67 0.919 0.94 0.67 0.28 
MCH, pg 13.28 13.74 13.88 13.7 13.76 13.48 0.331 0.99 0.62 0.41 
MCHC4, gm/dl 35.56 35.52 35.61 35.41 35.6 35.83 0.183 0.73 0.37 0.53 
RDW1, % 24.21 24.31 23.38 23.30 23.14 24.34 0.241 0.38 0.96 0.09 
Platelets1,5, 103/µl 480a 297b 242b 527a 258b 238b 30.1  0.84 <0.001 0.65 
MPV1, fl 6.90 6.85 7.18 6.69 7.15 7.27 0.157 0.83 0.40 0.73 
Neutrophils3,103/ µl 3.72a 2.05b 1.42c 3.42a 2.16b 1.82c 0.208 0.53 <0.001 0.49 
Lymphocytes,103/µl  5.98b 3.42c 2.44c 7.27a 2.68c 2.53c 0.422 0.50 <0.001 0.03 
NLR6 0.65bc 0.78ab 0.63bc 0.50c 0.92a 0.88a 0.136 0.22 0.003 0.04 
Monocytes3, 103/µl 0.67a 0.17b 0.05c 0.82a 0.15b 0.13b 0.079 0.07 <0.001 0.04 
Eosinophils3, 103/µl 0.17b 0.20ab 0.30a 0.22ab 0.22ab 0.20ab 0.021 0.98 0.37 0.08 
Basophils3, 103/ µl 0.14a 0.07b 0.06b 0.14a 0.05b 0.05b 0.008 0.15 <0.001 0.61 
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Figure 1. Influence of injection (saline, low or high LPS), dietary treatment (30 or 100 mg supplemental Zn/kg DM) and day of study 
on A) body weight (P ≥ 0.16). Influence of injection treatment and time relative to injection treatment administration on B) DMI (P 
<0.002), and C) rectal temperature (P = 0.04). Effect of injection treatment and dietary treatment (P = 0.10) on D) respiration rate 
determined 6 h after injection administration. Within a panel, data with differing superscripts are different (a, b, c; P ≤ 0.05) or tend to 
be different (x, y, z; 0.06 ≤ P ≤ 0.10). 
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Figure 2. Influence of injection treatment (saline, low or high LPS) and time relative to 
injection treatment administration on plasma trace mineral concentrations: A) plasma Fe (P < 
0.001), B) plasma Zn (P < 0.001). Dietary treatment (30 or 100 mg supplemental Zn/kg DM) 
and time relative to injection treatment administration effect on: C) plasma Zn concentrations 
(P = 0.06). Data with differing superscripts are different (a, b, c; P ≤ 0.05) or tend to be 
different (x, y, z; 0.06 ≤ P ≤ 0.10). 
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CHAPTER 5.    SUPPLEMENTAL COPPER CONCENTRATIONS AND FEED 
RESTRICTION AFFECT CIRCULATING METABOLITES IN STEERS FED A 
COPEPR DEFICIENT OR COPEPR ADEQUATE DIET  
K. R. VanValina, J. Hyeongseonb, D. Nettletonb, and S. L. Hansena 
aDepartment of Animal Science, Iowa State University, Ames, IA 50011, USA 
bDepartment of Statistics, Iowa State University, Ames, IA, 50011, USA 
ABSTRACT 
To assess changes in circulating metabolites due to Cu supplementation and feed restriction 
during dietary transition, 57 Angus cross steers were enrolled in a 28 d trial, starting with a 5 
d feed restriction challenge. Treatments were assigned as a 2 × 2 factorial where dietary 
treatments (copper) included a common diet with no supplemental Cu (CON) or 10 mg 
supplemental Cu/kg DM (SUPP) as CuSO4, and feed restriction challenge (FRC) treatments 
including ad-libitum intake (ADLIB) or 50% of a pens previous 15 d average ad-libitum 
intake (LIMIT) for 5 d (d 0-5 of the trial). All steers were transitioned to new common diets 
on d -1, 13, and 21. Body weight (BW) was recorded on d -1, 0, 5, 13, 27, and 28, and blood 
collected on d -1 and 5 for analysis of plasma metabolites via GC-MS, cortisol, and serum 
NEFA concentrations. Data were analyzed in Proc Mixed of SAS, and P-values from 
metabolomics data were adjusted to account for multiple hypothesis testing in SAS and R 
software. Dry matter intake (DMI) was lesser (P = 0.02) in CON vs. SUPP during the 15 d 
pre-restriction period, but unaffected during restriction (P = 0.40). By design, DMI was 
lesser in LIMIT vs. ADLIB (P < 0.001). However, a copper × FRC effect existed for 
percentage of previous intake, where within LIMIT steers, CON-LIMIT consumed a greater 
percentage of previous intake than SUPP-LIMIT, while steers in the ADLIB treatments were 
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similar (P = 0.05). There was an FRC × time effect for BW, where BW was similar to start 
the trial, decreased in LIMIT vs. ADLIB on d 5, but similar in all treatments by d 13 and 
through d 28. There was a copper × FRC effect for d 5 non-esterified fatty acid (NEFA) 
concentrations, with NEFA increased in CON-LIMIT, with SUPP-LIMIT being similar to 
ADLIB treatments (P = 0.002). Plasma metabolomics was determined by gas-
chromatography mass-spectrometry on d 5 plasma. There were no copper × FRC or copper 
effects (P ≥ 0.99) in the metabolomics data. Tendencies for shifts in metabolites were 
observed (P or q ≤ 0. 15) due to FRC, and included increased concentrations of myristic and 
palmitic acid, and lesser concentrations of amino acids including alanine and glutamine in 
LIMIT steers, indicative of increased lipid mobilization and decreased protein intake. The 
results of this trial suggest Cu deficient steers may not be able to utilize NEFA as an energy 
source during a feed restriction challenge. 
 
Introduction 
 Beef cattle may experience transient stress throughout the production cycle, which 
often leads to voluntary or involuntary feed restriction. These stressors may include dietary 
changes, such as the transition from a growing to finishing diet and can be exacerbated by 
environmental and management factors. Ultimately, prolonged moderate feed restriction 
results in lipolysis, as bodily energy needs are not met through dietary energy intake, 
resulting in increased concentrations of non-esterified fatty acids (NEFA) in circulation 
(Stich and Berlan, 2004; Pires and Grummer, 2007). The essential micronutrient Cu is 
important in lipid metabolism (Sinnett-Smith and Woolliams, 1987; Krishnamoorthy et al., 
2016). Copper supplementation has been linked to increased rates of both basal and 
stimulated lipolysis (Sinnett-Smith and Woolliams, 1987), which may explain decreased 12th 
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rib fat depth observed in Cu-supplemented steers (Ward and Spears, 1997). However, while 
Cu supplementation may increase lipolysis, decreased Cu intake has been recently linked to 
decreased utilization of NEFA (Song et al., 2012; Lei et al., 2017). A national survey in 1997 
suggested 43% of the U.S. cowherd was at least marginally Cu deficient (USDA-APHIS, 
1999), thus it is likely that Cu deficiency occurs in feedlot cattle. However, the effects of Cu 
deficiency on lipid metabolism in beef cattle are not well understood. Thus, the objective of 
this study was to evaluate circulating metabolite concentrations in steers fed either a Cu 
deficient or Cu adequate diet, during a 5 day partial feed restriction challenge. It was 
hypothesized that feed restriction would cause steers to increase lipid mobilization to meet 
energy demands, and lipolysis would be lesser in steers not receiving supplemental Cu, 
resulting in lesser concentrations of lipid species in circulation.  
Materials and Methods  
 All experimental procedures were approved by the Iowa State University institutional 
care and use committee (5-17-8522-C). 
 
Experimental design and sample collection 
 
 Fifty-seven Angus crossbred steers (average BW: 463 ± 29 kg) with distinct Cu 
statuses were created over a 90-d period prior to this trial (VanValin et al., 2019). Briefly, 
steers in VanValin et al. (2019) were fed a corn-silage based diet supplemented with Cu 
antagonists S and Mo for 90 d while receiving either 0 or 10 mg supplemental Cu/kg DM 
from either CuSO4 (Old Bridge Chemical Inc., Old Bridge, NJ), Cu lysine (CuPlex 100, 
ZinPro Corp., Eden Prairie, MN), or basic Cu chloride (IntelliBond CII, Micronutrients USA 
LLC, Indianapolis, IN). This resulted in steers with final liver Cu concentrations of 5.8 and 
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63 mg Cu/kg DM for steers receiving 0 mg supplemental Cu/kg DM or 10 mg supplemental 
Cu/kg DM, respectively.  
Immediately following the completion of the previous trial, animals were transitioned 
to a new diet (Transition 1; Table 1) and continued to receive the same rate of Cu 
supplementation they had previously received; however, supplemental Cu was from CuSO4, 
and supplemental S and Mo were removed from the diet. Treatments were assigned as a 2 × 2 
factorial consisting of supplemental Cu (as CuSO4): 0 mg supplemental Cu/kg DM (CON) or 
10 mg supplemental Cu/kg DM (SUPP), and feed restriction challenge (FRC): 1) ad-libitum 
feed intake during the 5 d challenge period (ADLIB) or 2) restricted feed intake during the 5 
d challenge period (LIMIT), in which pens were offered 50% of their average DMI as 
determined during the 15 d prior to the start of this trial where feed was offered ad libitum. 
All steers had ad-libitum access to water throughout the trial.  
Steers were housed in pens equipped with GrowSafe bunks (GrowSafe Systems Ltd., 
Airdrie, AB, Canada) for measurement of individual feed disappearance (n = 5 to 6 steers per 
pen; 1 bunk per pen), and automatic waterers. The feed restriction challenge was conducted 
on d 0 (following collection of BW) through the morning of d 5. The feed restriction 
challenge was conducted from June 30th – July 5th, 2017 in Ames, IA. The average high 
temperature during the challenge period was 30℃, the average low temperature was 16℃, 
and the average humidity was 73.2%. To limit the risk for metabolic disorders,  LIMIT steers 
were re-alimented over 3 to 4 d, by increasing as fed feed delivery by 125% each day 
following the end of restriction, until pens were consuming pre-restriction ad-libitum intakes. 
On d 13, steers began a second transition diet (transition diet 2; Table 1). On d 21 all steers 
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began receiving a finishing diet (Table 1), and remained on this diet through the completion 
of the 27 d trial.  
 Consecutive day BW were recorded to start the trial and feed restriction challenge (d -
1, 0). On d 5, BW were recorded to mark the completion of the restriction challenge, and 
then again on d 13 to mark the start of a second transition diet. Consecutive day BW were 
recorded on d 27 and 28 to mark the end of the trial. The percent change in BW was 
determined for the FR period utilizing the following formula: ((d 5 BW – d 0 BW)/ d 5 BW) 
× 100. Feed was delivered once daily at approximately 0800 h and BW were collected prior 
to feeding.  
 Three steers per pen were randomly selected for blood sample collection on d -1, 5, 
and 13; the same steers were sampled at each timepoint. Blood samples were collected via 
jugular venipuncture into tubes containing either sodium heparin or K2 EDTA for plasma, or 
no additive for serum (Becton Dickson and Company, Franklin Lakes, NJ). Samples for 
serum were allowed to clot at room temperature for 2 h, while samples for plasma were 
immediately placed on ice, until centrifugation at 1200 × g for 10 min at 4ºC. Serum and 
plasma were removed and stored at -80 ºC until analysis. Day 5 EDTA plasma samples were 
used for plasma metabolomics analysis. Serum samples from d -1 and 5 were used for 
determination of non-esterified fatty acid (NEFA) concentrations. Day -1 and 5 EDTA 
heparinized plasma samples were used for determination of cortisol concentrations.  
Blood sample analysis 
 Plasma metabolites were analyzed via GC-MS at the W. M. Keck Metabolomics 
Research Laboratory (Iowa State University, Ames, IA). The twelve steers selected for blood 
sample collection and receiving 0 mg supplemental Cu/kg DM were utilized for 
metabolomics analysis. Twelve steers selected for blood sample collection and receiving 10 
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mg supplemental Cu/kg DM were selected for metabolomics analysis, representing two 
steers per pen with the highest liver Cu status as determined by VanValin et al. (2019). The 
internal standards ribitol and nonadecanoic acid were added to each sample. For extraction, 
0.9 mL of cold extraction solvent (8:2 MeOH:H2O) was added to each sample, and samples 
were vortexed for 30 seconds, and left on ice for 10 minutes. Samples were then vortexed for 
30 seconds, and sonicated for 10 minutes in ice water. Samples were again vortexed for 30 
seconds, and centrifuged for 10 minutes at 13,000 × g and the supernatant was added to a 
GC-MS vial. This process was repeated on the sample pellet twice more and supernatant 
added to the respective vial. Three 300 µl aliquots were created per sample and were stored 
at -80ºC until derivatization. For derivatization, one aliquot was dried under N2 for one hour, 
and dried on a speed vacuum for 20 h. Then 50 µl of methoxyamine (20 mg/mL) was added 
to each sample and the reaction was allowed to proceed at 60ºC for 90 minutes. Then, 70 µl 
of N,O-Bis (trimethylsilyl) trifluoroacetamide + 1% TMS was added to each sample, and the 
silyation reaction occurred at 60ºC for 30 minutes. Samples were then analyzed vis GC-MS 
(6890N Agilent gas chromatograph with a 5973 Agilent MSD, Agilent Technologies, Santa 
Clara, CA, USA). The separation column was a HP5MSI (30 m long, 0.250 mm ID, 0.25 µm 
film thickness). The oven program included an initial temperature of 70℃ for 2 minutes 
followed by a 5℃/minute ramp to 320℃ and was held for 10 minutes. The mass range was 
set from 40-900 m/z. The GC-MS was controlled by Agilent ChemStation software, and 
metabolite identification was performed by comparing the mass spectra to the NIST14 library 
(National Institute of Standards and Technology, Gaithersburg, MD, USA), and an in-house 
library using retention indices.  
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 Serum NEFA concentrations were analyzed using a commercially available kit 
(Wako Pure Chemical Industries Ltd., Chuo-Ku Osaka, Japan). Plasma cortisol 
concentrations were determined using a commercially available kit (DetectX® species 
independent cortisol enzyme immunoassay kit, Arbor Assays, MI, USA).  
Feed analysis and dry matter intake 
 Weekly diet samples were collected for each dietary treatment throughout the trial. 
The feed samples were dried in a forced-air oven for 48 h for determination of DM. Dry 
matter intake was determined by adjusting as-fed intakes for each animal by the determined 
DM. Dried diet samples were ground to fit through a 2-mm screen in a Retsch ZM 100 
grinding mill (Retsch GmbH, Haan, Germany). A composite sample was made for the dried 
and ground diet sample within each dietary treatment to be analyzed for nutrient composition 
by Dairyland Laboratories (Arcadia, WI, USA) and for trace mineral concentration as 
previously described by Pogge et al. (2014). 
 Because individual feed disappearance was measured for each animal the actual 
percentage of feed restriction was calculated for each individual animal by dividing the 
average 5 d restriction period DMI by the 15 d pre-restriction period DMI and multiplying by 
100. Thus, this value is interpreted as the percentage of feed restriction DMI relative to the 
pre-restriction period where a smaller number indicates more severe feed restriction. 
Statistical analysis 
Prior to statistical analysis of metabolomics data, peaks were filtered, and missing 
value imputation was performed as described by (Guida et al., 2016). Briefly, missing values 
within a single sample were replaced with the value determined to be one-half of the smallest 
peak area within a given sample. Furthermore, peaks with >20% missing values across all 
samples were removed from analysis. Metabolomics data were analyzed using the Mixed 
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procedure of SAS (SAS version 9.4, SAS Inst. Inc., Cary, NC), and the model included the 
fixed effects of copper, feed restriction treatment, and the interaction (n = 6 steers/treatment 
combination), and the percent of feed restriction calculated for each steer was utilized as a 
covariate in analysis. The metabolomics data set was analyzed for outliers using Cook’s D, 
and outliers were removed when Cook’s D > 0.5, no more than two outliers were removed in 
any treatment per metabolite. All generated P-values from Proc Mixed were subjected to the 
Benjamin Hochberg adjustment using Proc Multtest in SAS to generate corrected P-values 
(FDR). Additionally, generated P-values were converted to q-values in R software using the 
Storey and Tibshirani’s method (Storey and Tibshirani, 2003), and analyzed in R by methods 
described by (Nettleton et al., 2006) to control for the false discovery rate associated with 
multiple hypothesis testing.  
 Body weight and feed intake (n = 12 steers/ treatment for CON and 16 to17 
steers/treatment for SUPP), and serum NEFA, and plasma cortisol concentrations (n = 6 
steers/treatment for CON and 9 steers/treatment for SUPP) were analyzed using the Mixed 
procedure of SAS. The model included the fixed effects of diet, feed restriction treatment, 
and the interaction. Body weight data were analyzed as repeated measures with day of 
sampling as the repeated effect, and the unstructured covariate structure was selected based 
on the lowest Akaike information criterion. Baseline plasma cortisol concentrations were 
used as a covariate in the analysis of d 5 data. All data were examined for outliers using 
Cook’s D. Significance was declared at P ≤ 0.05 and tendencies were declared at 0.06 ≤ P ≥ 
0.10, except for metabolomics data where tendencies were declared at 0.06 ≤ P ≥ 0.15, or 
0.06 ≤ q ≥ 0.15 for metabolomic analysis. 
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Results 
Liver Cu concentrations 
 Liver Cu concentrations, determined by VanValin et al. (2019) at the end of the 
previous trial on d -4, -3, or -2 relative to the start of the current trial, were 6.1 mg Cu/kg DM 
for CON and 63.1 for SUPP (Copper P < 0.001). Descriptive statistics of Cu status for steers 
selected for metabolomics analysis are presented in Table 2.   
Dry matter intake, and growth performance 
 Dry matter intake and growth performance data are presented in Table 3. There were 
no copper × FRC effects for DMI during the 15 d pre-restriction period or the 5 d restriction 
period (P ≥ 0.21); however, during the 15 d pre-restriction period CON steers had lesser DMI 
than SUPP (P = 0.02). During the 5 d restriction period DMI was not affected by copper 
treatment (P = 0.40), but by design was greater in ADLIB vs. LIMIT (P < 0.001). There was 
a copper × FRC effect (P = 0.05) for percentage of FR, where CON-ADLIB and CON-
LIMIT were similar (P = 0.41), but within LIMIT treatments, CON was restricted to a lesser 
extent than SUPP (P = 0.05). There was a FRC × Time effect for BW (P < 0.001), where 
ADLIB and LIMIT had similar BW to start the trial (P = 0.88), but ADLIB were greater than 
LIMIT on d 5 (P = 0.004). By d 13 both treatments were similar and remained similar 
through the end of the trial (P ≥ 0.65).  
Plasma cortisol and serum NEFA concentrations 
 Plasma cortisol and serum NEFA concentrations are reported in Table 4. Day -1 
plasma cortisol concentrations, as determined prior to the initiation of the FR challenge, 
tended to be affected by copper × FR (P = 0.06) in which CON-ADLIB was lesser than 
SUPP-ADLIB (P = 0.04), while all other treatment combinations were similar (P = 0.18). 
Day 5 cortisol concentrations were not affected by copper × FR, copper, or FR effects (P ≥ 
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0.34). Day -1 serum NEFA concentrations were not affected by copper × FR, copper or FR 
effects (P ≥ 0.73). However, day 5 serum NEFA concentrations were affected by a copper × 
FR effect (P = 0.05). Within SUPP steers serum NEFA concentrations were unaffected by 
FR (P = 0.48), while within CON, NEFA concentrations were greater in LIMIT vs. ADLIB 
(P = 0.05), while ADLIB was similar to SUPP NEFA concentrations (P ≥ 0.27).  
Plasma metabolomics 
 Plasma metabolomics data are presented in Table 5, and unknown metabolites 
detected in the analysis are presented in Appendix A. There were no copper × FRC 
interactions (FDR ≥ 0.99). However, alanine, glutamine, erythro-2-diphenylphophinoyl-1-
phenyl-3-piperidinopropanol, ornithine, asparagine, and maltose concentrations tended to be 
greater in ADLIB vs. LIMIT (FDR ≤ 0.15). Additionally, heptadecanoic acid, palmitic acid, 
α-ketoglutaric acid, and myristic acid were greater in LIMIT (FDR ≤ 0.14). 
Discussion 
 Feedlot cattle are exposed to numerous stressors that can ultimately lead to decreased 
feed intake. Given the biological roles of Cu in supporting macronutrient metabolism, it is 
possible that inducing a metabolic stressor such as feed restriction could result in a 
differential response dependent on the animals Cu status. Based on reference ranges for liver 
Cu proposed by Kincaid (2000) CON steers in the present trial were clinically deficient, 
while SUPP steers fell within the marginal band; however, clear separation between CON 
and SUPP did exist. 
 While BW was lesser in LIMIT than ADLIB on d 5 of the present trial, this was a 
transient effect of feed restriction and BW of LIMIT steers was improved when assessed on d 
13. Similarly, Cole and Hutcheson (1987) found BW of steers varyingly restricted in feed 
alone and then feed and water returned to pre-restriction BW within approximately 3 d. As 
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steers in Cole and Hutcheson (1987) on average had greater BW loss due to feed restriction 
than steers in the present trial, it is unsurprising that steers in the present trial were also able 
to rapidly recover from the feed restriction protocol used in the present trial, as change in 
BW was likely due to changes in gut-fill throughout the FR period. 
While plasma cortisol concentrations were not affected by the FR challenge in the 
present trial, the tendency for a copper × FRC effect on initial cortisol concentrations was 
unexpected. However, it is important to note the FR challenge had not been imposed at the 
time of sampling, and as steers were not assigned to treatments based on cortisol 
concentrations this may simply be reflective of animal variation. Interestingly, Genther-
Schroeder and Hansen (2015) also noted minimal changes in plasma cortisol concentrations 
in response to a feed restriction event. Plasma cortisol concentrations also remained 
unaffected in dairy heifers exposed to a feed restriction event, through pair-feeding to a heat 
stress treatment (Ronchi et al., 2001). Work in feed restricted pigs has suggested that while 
cortisol may not be elevated in response to feed restriction, pigs exhibit behaviors indicative 
of stress (De Leeuw and Ekkel, 2004), however behavior was not assessed in the current trial.   
 In the present study steers in CON exhibited lesser intake than SUPP steers during the 
15-d pre-restriction period. This was also noted in the previous trial these steers were 
enrolled in, where steers receiving no supplemental Cu tended to have lesser overall average 
DMI than those receiving 10 mg supplemental Cu/kg DM over the course of the 90 d trial 
(VanValin et al. 2019). However, during the 5-d feed restriction period in the present trial 
there was no effect of Cu treatment on DMI, which could have in part been masked by the 
50% feed restriction challenge. Interestingly, steers in CON-LIMIT were feed restricted to a 
lesser extent than steers in SUPP-LIMIT. This was not an expected result but is also not 
  
129 
surprising as steers were housed in pens equipped with GrowSafe bunks. While this type of 
bunk provides the advantage of determining individual animal feed disappearance, it also 
only allows one animal in the pen to eat at a time. As feed was delivered once per day in this 
study it is likely that the first steer to eat would have been less restricted than the last steer in 
the pen. Thus, the percentage of previous intake was utilized as a covariate in the statistical 
model as metabolite concentrations are directly affected by feed intake.  
During a feed restriction event, metabolic shifts occur to compensate for decreased 
nutrient supply from dietary intake. Metabolic shifts may include an increase in lipolysis, 
leading to increased circulating NEFA concentrations (Lapierre et al., 2000). While Cu 
supplementation has previously been shown to increase lipolysis (Ward and Spears, 1997; 
Engle et al., 2000), the results of the current study suggest Cu deficiency may impact the 
ability of feed restricted steers to effectively utilize circulating NEFA. 
 Fatty acids (FA) catabolism by liver or muscle in β-oxidation is limited by 
mitochondrial uptake of long chain FA via carnitine palmitoyl-CoA transferase-I (CATI), 
located on the outer mitochondrial membrane (McGarry and Brown, 1997). Acylcarnitine is 
then transported across the inner mitochondrial membrane and catalyzed by carnitine 
palmitoyl-CoA transferase-II (CATII) for use in β-oxidation (Fritz and Yue, 1963). Protein 
abundance of CAT-1 has been shown to be decreased in the liver of marginally Cu deficient 
rats when fed a 30% fructose diet, while expression of fatty acid synthase was markedly 
increased (Song et al., 2012). Thus, these data suggest that during Cu deficiency a metabolic 
shift occurs favoring lipogenesis over lipolysis, which could result in lipid accumulation in 
tissues. This may be an important factor in development of fatty liver disease in ruminants. 
Furthermore, Cu supplementation in rabbits has been shown to up regulate gene expression 
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of CATI and CATII in liver, adipose, and skeletal muscle (Lei et al., 2017). While not 
evaluated in the present study, it is possible that decreased abundance of CATI is responsible 
for the increased NEFA observed only in the CON-LIMIT steers, as SUPP-LIMIT steers may 
have been able to efficiently utilize NEFA, thus clearing them from circulation. While 
disruption of lipid metabolism of Cu deficient steers during a short-term feed restriction may 
not lead to persistent losses in growth performance, under a longer period of feed restriction 
it is possible growth may be impaired due to greater catabolism of skeletal muscle, as β-
oxidation of FA may be limited. 
The tendency for increased concentrations of specific FA observed in the fed steers is 
not surprising, due to mobilization of lipid stores in order to compensate for decreased 
energy intake of the LIMIT steers. However, it is interesting that there were no copper × FRC 
effects, given the interaction observed for circulating NEFA concentrations. However, this 
could be due to limitations of the GC-MS analysis to detect all species of FA in circulation.  
In this analysis myristic acid, which is an indicator of de novo lipogenesis (Roberts et al., 
2009), tended to be increased in LIMIT steers. This is interesting given the shift towards 
lipogenesis observed in Cu deficient rats unable to utilize NEFA for β-oxidation (Song et al., 
2012); however, there were no interactions between Cu and FRC treatments for myristic acid 
in the present study. Furthermore, concentration of the fatty acids palmitic acid and 
heptadecanoic acid tended to be increased in LIMIT steers, which is suggestive of increased 
lipolysis in response to the feed restriction challenge.  
In the present study, concentrations of alanine, glutamine, asparagine, and ornithine 
tended to be decreased in the plasma of LIMIT steers. These results are in contrast with 
previous studies, where feed restriction resulted in increased circulating amino acids, likely 
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due to increased tissue catabolism (Almeida et al., 2004). However, in Almeida et al. (2004), 
goats were only restricted to 86% of the metabolizable energy requirement, but for a much 
longer duration in their 28 d study. It is possible that amino acid catabolism was limited 
during the present experimental FR period. The major source for dietary amino acids in 
ruminants is from production of microbial protein in the rumen or rumen undegradable 
protein sources, amino acids escaping the rumen are then available for absorption into the 
blood (Kung Jr and Rode, 1996). By design, steers in the ADLIB group consumed more 
protein and thus should have been absorbing greater quantities of amino acids, thus it is 
possible the increased amino acid concentrations in the blood of ADLIB steers is due to 
greater intake. Furthermore, concentrations of maltose were lesser in LIMIT steers, which 
would be reflective of lesser nutrient intake.  
Concentrations of α-ketogluterate tended to be increased in LIMIT steers, while 
concentrations of glutamine were decreased in LIMIT steers. Intracellular glutamine can be 
converted to α-ketogluterate, an intermediary in the TCA cycle (Xiao et al., 2016), 
suggesting LIMIT steers may have been utilizing glutamine to support cellular energy 
metabolism in response to feed restriction.  
The present study utilized non-targeted GC-MS based metabolomics, to evaluate 
circulating metabolites as affected by Cu supplementation and feed restriction. After 
processing these data, a total of 82 unique metabolites were analyzed, including 17 unknown 
metabolites. In a GC-MS based study of the plasma metabolome of dairy cows, 267 
metabolites were initially identified, however only 40 were utilized for analysis after 
implementation of quality control measures (Zhang et al., 2013). However, it has been 
recommended that metabolomics studies utilize multiple methodologies to increase the 
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coverage of biologically relevant metabolites in the analysis (Van der Greef et al., 2007). 
Given the interactions between Cu status and lipid metabolism noted in the present study and 
by others (Engle, 2011), it may have been advantageous to utilize a reverse-phase LC-MS 
based approach, as this platform has been utilized to identify and quantify greater than 100 
lipid species in a single analysis (Hu et al., 2008). However, all metabolomic platforms have 
advantages and disadvantages, and GC-MS is a popular choice due to high separation of 
metabolites and reproducibility of mass spectra, allowing for comparisons across machines 
and laboratories (Scalbert et al., 2009). 
The results of this study suggest fatty acid utilization may be impaired by Cu 
deficiency in steers. Future research should assess the abundance of CATI in tissues of cattle 
with differing Cu statuses. Utilization of the GC-MS platform may have limited the potential 
to assess differences in products of lipid metabolism in steers with differing Cu status. 
However, tendencies for differences were observed across metabolites in response to the FR 
challenge, suggesting the sample size within the metabolomics analysis was underpowered. 
Future research in the study of the metabolomic impacts of feed restriction in cattle should 
focus on assessing metabolites in multiple tissues such as liver and skeletal muscle. This 
would allow for the assessment of the metabolic impacts of feed restriction in economically 
important tissues of the beef animal.  
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Table 1. Common diet formulations  
Item % of Diet DM1 
Days fed  d 0-12 d 13-20 d 21-28 
Ingredient  Transition diet 1 Transition diet 2 Finishing diet 
    Corn silage 40.00 - - 
    Cracked corn 30.00 55.00 62.00 
    Modified distillers grain 15.00 25.00 25.00 
    Grass hay 10.00 15.00 8.0 
    Trace mineral premix1 5.00 5.00 5.00 
    Dried distillers grain 3.50 3.50 3.50 
    Limestone 1.50 1.50 1.50 
    Vitamin A & E premix2 0.10 0.10 0.10 
    Salt  0.31 0.31 0.31 
Analyzed composition3   
  
    DM 45.2 74.6 74.2 
    NDF 32.5 26.4 21.6 
    CP 12.4 15.1 14.4 
    EE 4.47 5.08 5.34 
    Cu4 5 5 6 
1Trace mineral premix provided per kilogram of diet DM: 0.15 mg Co (cobalt carbonate), 20 
mg Mn (manganese sulfate), 0.1 mg Se (sodium selenite), 30 mg Zn (zinc sulfate), 0.5 mg I 
(calcium iodate). Copper was provided at 10 mg/kg diet DM (copper sulfate) to 
supplemented diets only. Remaining contributed (as % of total diet DM): dried distillers 
grains 3.06%.  
2Vitamin A &E premix provided 2,200 IU vitamin A, and 25 IU vitamin E/kg diet DM.  
3Diet DM and Cu concentrations were determined by the Hansen Laboratory, and all other 
values were determined by Dairyland Laboratories (Arcadia, WI, USA).  
4Analyzed concentrations of Cu in TMR composite samples for CON (0 mg supplemental 
Cu/kg DM). The SUPP (10 mg supplemental Cu/kg DM) samples analyzed at 15 mg Cu/kg 
DM for transition diets 1 and 2, and at 16 mg Cu/kg DM for the finishing diet.
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Table 2. Descriptive statistics of liver Cu concentrations in steers selected for metabolomic 
analysis 
1CON: 0 mg supplemental Cu/kg DM; SUPP: 10 mg supplemental Cu/kg DM; ADLIB: 
Adlibitum feed intake during the 5 d feed restriction period; LIMIT: Restricted intake of 50% 
of pen DMI as determined during the 15 d pre-restriction period.  
2Liver Cu concentrations determined by VanValin et al. (2019) on d -4, -3, or -2 prior to the 
start of the current trial. 
3Reference ranges adapted from Kincaid (2000).
 CON1 SUPP1 
 ADLIB LIMIT ADLIB LIMIT 
Steers (n) 6 6 6 6 
Liver Cu, mg/kg 
DM2 
    
   Mean 5.6 7.8 68.4 76.2 
   S.D. 1.27 4.49 29.2 25.8 
   Min 4.0 4.47 37.3 28.2 
   Max 7.6 16.7 116 94.8 
     
Reference 
ranges3, mg liver 
Cu/kg DM  
    
Clinically 
deficient 
< 20    
Deficient < 33    
Marginal    33 – 125    
Adequate    125 – 600    
High    600 – 1,250    
Toxic > 1,250    
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Table 3. Dry matter intake and growth performance data of steers as affected by supplemental Cu intake and feed restriction treatment 
1CON: 0 mg supplemental Cu/kg DM; SUPP: 10 mg supplemental Cu/kg DM; ADLIB: ad-libitum feed intake during the 5 d feed 
restriction period; LIMIT: Restricted intake of 50% of pen DMI as determined during the 15 d pre-restriction period.  
2P-values: FRC: Feed restriction challenge, Copper × FRC: interaction between copper and FRC treatments, FRC × time: interaction 
between FRC and d of study; different superscripts (a, b, c) within a row differ at P ≤ 0.05.  
3Average DMI determined during the 15 d period prior to the start of the present trial. 
4Average DMI determined during the 5 d restriction period 
5Calculated by dividing restriction period DMI by average DMI from the 15 d prior to the trial and multiplying by 100. 
6Initial BW is average of d -1, 0 BW, final BW is average of d 27, 28 BW. FRC × time: P = <0.001.   
7Percent change in body weight as determined by: ((d 5 BW- d 0 BW)/d 5 BW)*100. 
 CON1 SUPP1  P-value2 
 ADLIB1 LIMIT1 ADLIB1 LIMIT1 SEM Copper FRC Copper × FRC 
Steers (n) 12 12 15 17     
Pre-restriction DMI3, kg/d 9.09b 7.96b 9.59a  9.57a 0.467 0.02 0.19 0.21 
Restriction period DMI4, 
kg/d 
10.2a 4.37a 11.0b 4.35b 0.514 0.40 <0.001 0.38 
Percentage of prior intake5 112a 56b 117a 46c 3.7 0.43 <0.001 0.05 
          
Body weight6, kg         
  d 0 458 456 456 460 10.9 0.80 0.36 0.76 
  d 5 471a 439b 469a 444b     
  d 13 487 477 484 484     
  d 28 490 487 495 492     
BW shrink during 
restriction7 
2.70 -3.93 2.83 -3.70  0.66 <0.001 0.90 
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Table 4. Cortisol and NEFA concentrations of steers as affected by Cu supplementation and  
feed restriction. 
1CON: 0 mg supplemental Cu/kg DM; SUPP: 10 mg supplemental Cu/kg DM; ADLIB: ad-
libitum feed intake during the 5 d feed restriction period; LIMIT: Restricted intake of 50% of 
pen DMI as determined during the 15 d pre-restriction period.  
2P-values: FRC: Feed restriction challenge, Copper × FRC: interaction between copper and 
FRC treatments, FRC × time: interaction between FRC and d of study; different superscripts 
(a, b, c) within a row differ at P ≤ 0.05).  
3 Plasma cortisol concentrations. Day 5 cortisol data were covariate adjusted by percentage of 
feed restriction, and d -1 cortisol concentrations. Four steers were removed from cortisol 
analysis as outliers and included 1 steer each from CON-LIMIT and SUPP-LIMIT, and 2 
steers from SUPP-ADLIB. 
4Serum non-esterified fatty acids; d 5 NEFA concentrations were covariate adjusted for 
percentage of feed restriction. One steer was removed as an outlier from the CON-LIMIT 
treatment
 CON1 SUPP1  P-value2 
 ADLIB1 LIMIT1 ADLIB1 LIMIT1 SEM Copper FR Copper × FR 
Steers (n) 6 6 9 9     
Cortisol3, ng/mL         
  d -1 25.2b 40.6ab 47.5a 33.9ab 8.17 0.30 0.91 0.06 
  d 5 28.5 27.4 43.9 24.7 13.7 0.46 0.65 0.34 
NEFA4, mEq/L          
  d -1 201 211 199 198 24.7 0.73 0.85 0.80 
  d 5 261b 430a 218b 275b 47.0 0.002 0.15 0.05 
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Table 5. Plasma metabolite concentrations as affected by Cu supplementation and feed restriction 
      Adjusted P-value2 q-values2 
Metabolite concentration, mM CON1 SUPP1 Adlib1 LIMIT1 SEM Copper FRC Copper FRC 
1,5-Anhydroglucitol 0.0336 0.0309 0.0381 0.0273 0.00214 0.997 0.45 0.997 0.38 
2-Aminobutanoic acid 0.0071 0.0063 0.0096 0.0070 0.00119 0.997 0.74 0.997 0.59 
2-Aminomalonic acid 0.0412 0.0431 0.0266 0.0666 0.00285 0.997 0.25 0.997 0.20 
2-Ethyl-3-hydroxypropionic acid 0.0120 0.0129 0.0101 0.0153 0.00096 0.997 0.58 0.997 0.46 
2-Hydroxybutyric acid 0.0078 0.0089 0.0081 0.0087 0.00059 0.997 0.90 0.997 0.72 
9,12-Octadecadienoic acid 0.0516 0.0514 0.0508 0.0522 0.00298 0.997 0.98 0.997 0.77 
Asparagine 0.0019 0.0020 0.0103 0.0004 0.00282 0.997 0.14 0.997 0.11 
Alanine 0.1330 0.1516 0.2619 0.0769 0.02462 0.997 0.13 0.997 0.10 
Alpha-ketoglutaric acid 0.0148 0.0133 0.0085 0.0233 0.00071 0.997 0.14 0.997 0.11 
Aspartic acid 0.0040 0.0040 0.0082 0.0020 0.00151 0.997 0.31 0.997 0.25 
β-alanine 0.0019 0.0023 0.0035 0.0013 0.00057 0.997 0.45 0.997 0.38 
Benzonitrile 0.0121 0.0119 0.0095 0.0152 0.00075 0.997 0.45 0.997 0.41 
Butanedioic acid 0.0043 0.0044 0.0039 0.0048 0.00035 0.997 0.74 0.997 0.59 
C9H17N2O2* 0.0934 0.0933 0.1214 0.0718 0.00962 0.997 0.41 0.997 0.38 
Cholesterol 0.7254 0.7950 0.7288 0.7912 0.04898 0.997 0.90 0.997 0.74 
Cyclohexasiloxane 0.0055 0.0064 0.0015 0.0236 0.00084 0.997 0.54 0.997 0.44 
Cyclopentasiloxane 0.0071 0.0072 0.0020 0.0258 0.00119 0.997 0.58 0.997 0.48 
Decanedioic acid 0.0211 0.0153 0.0073 0.0442 0.00224 0.997 0.49 0.997 0.41 
Dodecanoic acid 0.0060 0.0057 0.0040 0.0086 0.00031 0.997 0.21 0.997 0.16 
Edetic acid 10.06 11.04 11.81 9.40 0.560 0.997 0.54 0.997 0.44 
Enanthic acid  0.0009 0.0009 0.0014 0.0006 0.00024 0.997 0.49 0.997 0.42 
Ester, butyl caprylate 0.4622 0.4106 0.3818 0.4970 0.03791 0.997 0.73 0.997 0.59 
Glucopyranose 0.0923 0.0610 0.0354 0.1592 0.00961 0.997 0.49 0.997 0.42 
Glucose 12.89 11.06 10.91 12.83 0.499 0.997 0.65 0.997 0.55 
Glutamic acid 0.0448 0.0399 0.0314 0.0568 0.00696 0.997 0.72 0.997 0.59 
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Table 5. (continued) 
      Adjusted P-value2 q-values2 
Metabolite concentration, mM CON1 SUPP1 Adlib1 LIMIT1 SEM Copper FRC Copper FRC 
Glutamine 0.0196 0.0277 0.1068 0.0051 0.02260 0.997 0.13 0.997 0.10 
Glycerol 0.6753 0.6233 0.3821 1.102 0.10256 0.997 0.61 0.997 0.53 
Glycine 0.3381 0.3467 0.3531 0.3320 0.03201 0.997 0.96 0.997 0.75 
Glycolic acid 0.0127 0.0135 0.0144 0.0118 0.00081 0.997 0.66 0.997 0.55 
Heptadecanoic acid 0.0069 0.0062 0.0045 0.0093 0.00024 0.997 0.13 0.997 0.10 
Hexanoic acid 0.0066 0.0059 0.0073 0.0054 0.00069 0.997 0.68 0.997 0.55 
Hydroxybutanoic acid 0.2210 0.2269 0.2213 0.2265 0.02086 0.997 0.99 0.997 0.78 
Hydroxylamine 0.0743 0.1098 0.1747 0.0467 0.06770 0.997 0.65 0.997 0.53 
Isocitric acid 0.5770 0.5395 0.4660 0.6682 0.03067 0.997 0.51 0.997 0.42 
Isoleucine 0.1201 0.1180 0.1814 0.0779 0.02267 0.997 0.41 0.997 0.35 
Lactic acid 2.45 2.56 1.76 3.55 0.199 0.997 0.45 0.997 0.41 
Leucine 0.1378 0.1510 0.1903 0.1093 0.01376 0.997 0.31 0.997 0.25 
Malic acid 0.0058 0.0051 0.0043 0.0070 0.00032 0.997 0.41 0.997 0.38 
Maltose 0.0126 0.0134 0.0314 0.0054 0.00479 0.997 0.14 0.997 0.11 
Mannobiose 0.0732 0.0735 0.0773 0.0696 0.00403 0.997 0.81 0.997 0.65 
Methionine 0.0106 0.0106 0.0206 0.0055 0.00266 0.997 0.17 0.997 0.13 
Methyldiethanolamine 0.0123 0.0103 0.0050 0.0252 0.00337 0.997 0.74 0.997 0.59 
Myo-inositol 0.1043 0.1128 0.1033 0.1139 0.01339 0.997 0.96 0.997 0.75 
Myristic acid 0.0324 0.0245 0.0195 0.0406 0.00125 0.902 0.15 0.902 0.12 
Nonanoic acid 0.0049 0.0053 0.0060 0.0044 0.00060 0.997 0.68 0.997 0.55 
Oleic Acid 0.0756 0.0691 0.0993 0.0527 0.02110 0.997 0.68 0.997 0.56 
Ornithine 0.0215 0.0488 0.5132 0.0020 0.19692 0.997 0.13 0.997 0.10 
Oxalic acid 0.0394 0.0412 0.0523 0.0310 0.00531 0.997 0.51 0.997 0.44 
Palmitic acid 0.4910 0.4063 0.2998 0.6654 0.01819 0.997 0.13 0.997 0.10 
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Table 5. (continued) 
      Adjusted P-value2 q-values2 
Metabolite concentration, mM CON1 SUPP1 Adlib1 LIMIT1 SEM Copper FRC Copper FRC 
Pentasiloxane 0.0833 0.0853 0.0904 0.0785 0.00611 0.997 0.77 0.997 0.64 
Phenylalanine 0.0051 0.0068 0.0037 0.0094 0.00039 0.997 0.24 0.997 0.19 
Phosphate 5.37 5.31 5.34 5.34 0.317 0.997 0.999 0.997 0.79 
Propanoic acid 0.0485 0.0480 0.0482 0.0483 0.00397 0.997 0.999 0.997 0.79 
Pyroglutamic acid 0.2371 0.2366 0.2635 0.2130 0.01273 0.997 0.58 0.997 0.46 
Serine 0.0200 0.0193 0.0160 0.0242 0.00352 0.997 0.81 0.997 0.64 
Stearic acid 0.6688 0.5635 0.4654 0.8098 0.03162 0.997 0.31 0.997 0.25 
Tetrasiloxane 0.0097 0.0094 0.0097 0.0094 0.00054 0.997 0.99 0.997 0.77 
Threonine 0.0428 0.0353 0.0580 0.0260 0.00771 0.997 0.45 0.997 0.38 
Triethylene glycol 0.0093 0.0075 0.0055 0.0127 0.00046 0.997 0.17 0.997 0.13 
Tryptophan 0.0162 0.0165 0.0235 0.0114 0.00412 0.997 0.59 0.997 0.50 
Urea 5.92 5.04 6.66 4.48 0.63869 0.997 0.59 0.997 0.52 
Valine 0.1872 0.1738 0.2379 0.1548 0.01405 0.997 0.34 0.997 0.35 
1CON: 0 mg supplemental Cu/kg DM; SUPP: 10 mg supplemental Cu/kg DM; ADLIB: ad-libitum feed intake during the 5 d feed 
restriction period; LIMIT: Restricted intake of 50% of pen DMI as determined during the 15 d pre-restriction period.  
2Adjusted P-values: False discovery rate determined from P-values for the effects of Cu supplementation (copper) or feed restriction 
(FRC) treatments; Copper x FRC adjusted P > 0.99 for all metabolites. Q-values: calculated from non-adjusted p-values to control for 
multiple hypothesis testing; Copper x FRC q-value > 0.99 for all metabolites
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CHAPTER 6.    GENERAL CONCLUSIONS 
The term stress is broadly defined as the non-specific response of the body to any 
gaylethe production cycle of cattle, and through multiple experimental models. Cattle may 
also be exposed to some stressors occurring simultaneously, which can lead to decreased 
animal health and growth performance (Grandin, 1997; Loerch and Fluharty, 1999). Trace 
minerals exert biological function throughout the body and support most major metabolic 
processes. However, when animals are experiencing stress, intake of trace minerals may be 
decreased, which could further exacerbate trace mineral deficiencies. This is of interest, as 
often producers are unaware of the trace mineral status of their animals. Thus, understanding 
how trace mineral homeostasis is impacted by stress is of importance to better be able to 
develop effective feeding and management strategies for cattle during periods of stress.  
There is limited research regarding interactions between stress and trace mineral 
nutrition in ruminants. However, work in rodent species provides evidence for the effects of 
stress on TM homeostasis. Circulating concentrations of Zn can be decreased during the 
onset of acute stress by glucocorticoids in rodents (Cousins, 1986), while injection of ACTH 
results in increased hepatic expression of the Zn binding protein metallothionein (MT; 
Hidalgo et al., 1988).  
In chapter III, plasma Zn concentrations were only decreased in the Zn adequate 
lambs, but plasma Zn was decreased to concentrations similar to lambs that had been 
receiving a marginally Zn deficient diet for over 70 d. These data suggest stress can 
negatively affect TM status at a time when the demand for Zn may be increased due to the 
supportive role of Zn in critical processes such as immune system function, inflammation, 
and oxidative stress (Marikovsky et al., 2003; Prasad, 2009). While not evaluated in the 
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present trial, it is possible that hepatic synthesis of MT was increased in an effort to sequester 
circulating Zn in response to the ACTH injection. This sequestering could be due to the 
utilization of MT in an intricate system to traffic Zn to intracellular locations where it may be 
needed as part of the stress or immune response of an animal (Davis and Cousins, 2000). 
Furthermore, due to utilization of Zn by microbial pathogens (Kim et al., 2004), cortisol can 
work synergistically with IL-6 to induce MT expression (Itoh et al., 1999), resulting in 
sequestering of Zn and preventing utilization by pathogens.   
Metallothionein expression can also be increased in the small intestine in response to 
stress (Cousins, 2010), and Zn bound to MT in the small intestine is likely lost in feces due to 
rapid cellular turnover in the small intestine. As intestinal absorption is the major point of 
control for Zn homeostasis (Cousins, 2010), understanding the mechanisms underlying 
changes in intestinal absorption of Zn during stress is a logical future direction. In chapter III, 
supplemental Zn was provided as inorganic ZnSO4; however, it would be of interest to 
evaluate Zn apparent absorption during an ACTH challenge with Zn from potentially more 
bioavailable sources. This information could be valuable to the producer and consulting 
nutritionists alike, as cost differences exist across trace mineral sources, thus if Zn apparent 
absorption is similarly decreased across all sources, it may not be economically advantageous 
to supplement a more expensive trace mineral source. However, this could determine if 
supplemental TM sources exist that can overcome the antagonism of MT expression during 
stress. Furthermore, injectable trace mineral sources may also provide an alternative to 
maintaining Zn status in the face of decreased intestinal absorption as well as decreased feed 
intake. However, it is also possible that this MT response is a critical component of the 
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biological stress and immune response; more research is needed to understand the potential 
effects of excess supplementation of Zn during an immune challenge. 
 In chapter III, ACTH injections were utilized as a stress induction model. Use of 
ACTH administration as a stress induction model has been utilized in numerous species 
including rodents (Vera et al., 2012), swine (Cook et al., 1996), poultry (Puvadolpirod and 
Thaxton, 2000), and cattle (Nockels et al., 1993). Although administration of ACTH is a 
widely utilized and acceptable model for inducing stress, there are limitations to this model. 
One such limitation is the duration of the response to ACTH. Peak glucocorticoid 
concentrations are observed in response to ACTH at approximately 1 hour after 
administration (Verkerk and Macmillan, 1997; Yoshida and Nakao, 2005). Thus, a single 
ACTH injection would not adequately model chronic stress conditions over multiple days 
such as those sometimes observed in cattle production. However, previous work in cattle 
utilized repeated injections of ACTH along with feed and water restriction to more closely 
model a chronic stress scenario (Nockels et al., 1993). The protocol utilized in chapter III 
also utilized repeated ACTH injections, however, as assessing nutrient digestibility was a 
major objective of the work presented in chapter III, feed and water were not restricted. 
Furthermore, it is important to note that not all periods of stress in cattle production are 
associated with feed and water restriction. However, given that feed and water was restricted 
for 36 h, and ACTH was administered every 8 h for 72 h by Nockels et al., (1993), it is likely 
that this would have represented a more severe stress model than the protocol utilized in 
chapter III. In a study designed to assess nutrient digestibility in broilers, a continuous 
infusion of ACTH was utilized to establish a chronic stress model (Puvadolpirod and 
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Thaxton, 2000). A continuous infusion of ACTH could provide a model to assess chronic 
stress, as opposed to bolus doses of ACTH either with or without feed restriction.  
In chapter IV, lipopolysaccharide (LPS), was utilized as an immune system activator. 
When cattle are exposed to stress, there is also an increased risk for development of disease, 
including bovine respiratory disease (Duff and Galyean, 2007). Furthermore, administration 
of LPS has also been associated with activation of the hypothalamic pituitary adrenal axis, 
with increased concentrations of glucocorticoids in circulation (Carroll et al., 2015). Similar 
to an ACTH challenge, LPS has also been utilized in multiple species, as a non-pathogenic 
way to activate the immune system (Webel et al., 1997; Ferdous and et al., 2008). As LPS is 
non-pathogenic, it is an attractive choice to be utilized in certain research settings. In the 
research presented in chapter IV, animals receiving saline and LPS were housed in the same 
pen, whereas in a pathogen challenge, healthy animals and animals receiving a pathogen 
would need to be housed separately to insure health of control animals. However, by housing 
animals in separate environments, there is potential for increased variation due to potential 
differences across locations. Thus, by utilizing an LPS model, variation due to differences in 
housing facilities can be limited. 
Similar to ACTH, a single injection of LPS results in a relatively short-term response. 
In response to LPS, the pro-inflammatory cytokines TNF-α, IL-1β, and IL-6 reach maximum 
concentrations in circulation at approximately 1.5, 3.0, and 4 hours post LPS administration, 
respectively (Carroll et al., 2009). In chapter IV, dry matter intake (DMI) was decreased in 
steers treated with LPS on the day of LPS administration, but DMI was similar between all 
treatments by the day following the LPS challenge, and no long-lasting decreases in BW 
were observed. These data are in agreement with the short-lived response to LPS observed in 
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other species, including pigs (Johnson and Borell, 1994). Thus, the response to LPS may be 
characterized as aggressive yet acute. During a pathogen challenge, there may be a longer 
period of observed sickness behavior, accompanied by decreased growth performance (Balaji 
et al., 2000) which is not observed in the short-lived response to LPS. Another potential 
limitation of the LPS model, especially compared to pathogen challenges, is the limited 
ability to assess nutritional and management strategies to improve the recovery period 
following activation of the immune system.   
In chapter IV, steers exposed to LPS exhibited a classical immune response, known 
as nutritional immunity (Hood and Skaar, 2012), in which both circulating concentrations of 
Fe and Zn were decreased in response to LPS. Zinc was depleted rapidly, within 6 h of 
injection, and remained decreased through 24 h post LPS injection, before returning to pre-
injection concentrations by 48 h post injection. An unexpected result of this work was the 
apparent increase in rate of repletion of plasma Zn in animals receiving greater supplemental 
Zn; however, it is yet to be understood if this represents a biologically significant or 
beneficial response. Circulating concentrations of Fe were not decreased until 24 h after 
injection and remained decreased 48 h after injection. The noted decrease in circulating TM 
concentrations is in agreement with previous literature; however, the timing of these changes 
is interesting. Given the limited sampling time points it is difficult to fully understand the 
rates of depletion and repletion of TM in response to LPS. Thus, future work is needed to 
evaluate the effects of supplemental trace mineral concentrations on the rates of depletion 
and repletion of circulating TM in response to LPS or other immune activators.  
In chapter IV, there were very few interactions between the dietary Zn and injectable 
treatments (saline, low or high LPS) employed. This may in part be due to the relatively short 
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duration of Zn supplementation prior to administration of LPS, as well as the short-lived 
nature of LPS induced responses. However, during a more prolonged health challenge and 
periods of low feed intake, fortification of the diet with Zn may be more critical. The results 
in the present study may indicate increased Zn supplementation results in steers that are able 
to maintain monocyte concentrations when receiving the increased dose of LPS. This is of 
interest, as Zn can directly activate monocytes to produce pro-inflammatory cytokines (Haase 
and Rink, 2007). Furthermore, this apparent sparing effect on monocytes by increased 
supplemental Zn may allow for increased differentiation to macrophages, thus suggesting a 
supportive role of Zn in immune function. Due to the short-lived nature of the LPS response, 
it was not possible to assess if increased supplemental Zn would have supported a more rapid 
recovery or improved performance. Further work is needed to assess the effects of feeding 
increased supplemental Zn on recovery of cattle from pathogen challenges and receiving 
period growth performance.  
In chapter V, a partial feed restriction model was utilized, however as circulating 
cortisol concentrations were not different between ad-libitum and restricted fed animals, it 
cannot be concluded that animals were stressed. However, work in pigs has suggested 
changes in animal behavior in response to feed restriction may be indicative of stress even 
when circulating concentrations of cortisol were not increased compared to ad-libitum fed 
animals (De Leeuw and Ekkel, 2004). It is possible that feed restricted cattle in chapter V 
may have exhibited behaviors indicative of stress in response to the partial feed restriction 
however, behavior was not recorded and assessed during that trial. Increased cortisol 
concentrations have been observed in feedlot steers and heifers exposed to 24 h of total feed 
and water restriction compared to cattle fed ad-libitum (Marques et al., 2012). Thus, length of 
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time and severity of feed restriction are important considerations in evaluating feed 
restriction as a stress induction model.  
 Although cortisol concentrations were not increased in the feed restricted steers in 
chapter V, feed restriction is still a commonly observed response to the stressors experienced 
by feedlot cattle throughout the production cycle. When calves first arrive in the feedlot, 
DMI may only be at 0.5-1.5% of BW, and may be further depressed in calves experiencing 
morbidity (Hutcheson and Cole, 1986). Additionally, decreased DMI may also be exhibited 
during the growing and finishing phases of feedlot production due to poor feed bunk 
management or rapid dietary changes (Schwartzkopf-Genswein et al., 2003). Furthermore, 
decreased DMI was also observed in response to LPS injection administration in chapter IV, 
however this was an acute decrease in DMI, with a rapid recovery of DMI which is not 
directly comparable to the challenge that was administered in chapter V. 
 Given the supportive role of Cu in lipid metabolism this study sought to evaluate the 
effect of 5 d of partial feed restriction on the plasma metabolome. Perhaps the most 
surprising finding of chapter V was the increased circulating NEFA concentrations observed 
only in the Cu deficient feed restricted steers. As serum concentrations of NEFA are 
influenced either by the rate of NEFA released into circulation or rate of clearance from 
circulation, it is likely that one of these factors is influenced by Cu status. Thus, these data 
suggest that Cu deficiency may impair an animal’s response to a feed restriction event. 
However, the response to the 5 d feed restriction was short lived, as feed restricted animals 
were able to recover and return to similar performance of ad-libitum fed steers by d 13 of the 
trial. This could have implications for other sectors of cattle production, especially for the 
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cowherd, as it is much more likely cows rather than steers would be exposed to periods of 
negative energy balance due to the energy demands of lactation.  
It is possible decreased clearance of NEFA from the serum of Cu deficient feed 
restricted steers was due to decreased activity of carnitine palmitoyl-CoA transferase-I 
(CAT-I). Work by others has shown protein abundance of CAT-I to be decreased in 
marginally Cu deficient rats (Song et al., 2012). Fatty acid catabolism in the liver or muscle 
through β-oxidation is limited by mitochondrial uptake of long chain FA via CAT-I, which is 
located on the outer mitochondrial membrane (McGarry and Brown, 1997). While in the 
current work growth performance differences among steers were not detected, this is may be 
due to the short-term feed restriction; however, under conditions of prolonged feed restriction 
Cu deficiency could lead to greater catabolism of skeletal muscle, as β-oxidation of fatty 
acids may be impaired.  
It is also important to note the Cu deficient steers in the present study were severely 
Cu deficient, with liver Cu concentrations of 6 mg Cu/kg DM as determined by (VanValin et 
al., 2019). Reference ranges developed by Kincaid (2000) suggest liver Cu concentrations in 
cattle < 33 mg Cu/kg DM are clinically deficient, with adequate concentrations being >150 
mg Cu/kg DM. Thus, it would be valuable to understand the Cu status threshold at which 
ruminants can effectively clear NEFA from circulation in response to a feed restriction event. 
Furthermore, these data may have implications for the dairy industry, as dairy cows 
commonly experience fatty liver disease due to the mobilization of lipids following 
parturition (Jorritsma et al., 2000), although dairy cows are likely to experience excess Cu 
rather than deficiency (Grace and Knowles, 2015). However, work in beef cattle has 
suggested that supplemental Cu may also support lipolysis (Engle et al., 2000), thus Cu status 
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could be particularly important as related to the ability of an animal to utilize nutrients 
properly in response to lipid mobilization.  
 Contrary to the NEFA results, the metabolomic analysis showed no interactions 
between Cu and feed restriction, or main effects of Cu. There were some tendencies for the 
effect of feed restriction which could be characterized by increased lipid mobilization in the 
feed restricted steers, and greater nutrient intake in the ad-libitum fed steers as suggested by 
amino acid and sugar concentrations in plasma. Although Cu is a required nutrient, and 
critical in supporting growth, its biological function is limited to only a small number of 
enzymes in the body (Suttle, 2010), as opposed to Zn which is a component of thousands of 
proteins (Maret, 2005).  
While GC-MS is a consistent and reliable metabolomic platform (Scalbert et al., 
2009), an approach to optimize the discovery of lipid species may prove useful in future 
work, given the effects of Cu status on NEFA concentrations observed in chapter V. Thus, 
utilization of such instrumentation as reverse phase LC-MS may be beneficial, as 
methodologies have been developed to identify more than 100 lipid species in a single 
analysis (Hu et al., 2008). Sample size may have also been a limiting factor in the utilization 
of a metabolomics-based approach in the present work; an unfortunate limitation of many 
metabolomics studies in livestock species (Goldansaz et al., 2017). Furthermore, it may be 
useful to perform a metabolomics analysis utilizing multiple tissue types including liver and 
skeletal muscle in future work. Although metabolomics technology can be a very powerful 
tool to study macronutrient nutrition, its application in trace mineral studies may be limited, 
due to the targeted biological functions of trace minerals.  
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The collective results of this work suggest stress does alter trace mineral metabolism 
and homeostasis in the ruminant and lays the ground work for future research to identify the 
underlying mechanisms involved. Furthermore, this research shows that trace mineral 
homeostasis is disrupted by administration of ACTH and LPS, suggesting the trace mineral 
requirements of a stressed ruminant may be different than those of non-stressed ruminants. 
By gaining a better understanding of how common stressors imposed on feedlot cattle may 
disrupt trace mineral homeostasis nutritional and management practices could be developed 
to mitigate production losses and improve economic outcomes for the cattle industry. 
 
Literature Cited 
Balaji, R., K. J. Wright, C. M. Hill, S. S. Dritz, E. L. Knoppel, and J. E. Minton. 2000. Acute 
phase responses of pigs challenged orally with Salmonella typhimurium. J. Anim. Sci. 78: 
1885-1891. 
 
Carroll, J. A., R. R. Reuter, C. C. Chase Jr, S. W. Coleman, D. G. Riley, D. E. Spiers, J. D. 
Arthington, and M. L. Galyean. 2009. Profile of the bovine acute-phase response following 
an intravenous bolus-dose lipopolysaccharide challenge. Innate Immun.15:81-89.  
 
Carroll, J. A., N. C. B. Sanchez, L. E. Hulbert, M. A. Ballou, J. W. Dailey, L. C. Caldwell, R. 
C. Vann, T. H. Welsh Jr., and R. D. Randel. 2015. Sexually dimorphic innate immunological 
responses of pre-pubertal Brahman cattle following an intravenous lipopolysaccharide 
challenge. Vet. Immunol. Immunop. 166: 108-115. 
 
Cook, N. J., A. L. Schaefer, P. Lepage, and S. M. Jones. 1996. Salivary vs. serum cortisol for 
the assessment of adrenal activity in swine. Can. J. Anim. Sci. 76: 329-335. 
 
Cousins, R. 1986. Toward a molecular understanding of zinc metabolism. Clin. Physiol. 
Biochem. 4:20-30.  
 
Cousins, R. J.. 2010. Gastrointestinal factors influencing zinc absorption and homeostasis. 
Int. J Vitam. Nutr. Res. 80:243.  
 
Davis, S. R., and R. J. Cousins. 2000. Metallothionein expression in animals: a physiological 
perspective on function. J. Nutr. 130: 1085-1088. 
 
153 
 
 
De Leeuw, J. A., and E. D. Ekkel. 2004. Effects of feeding level and the presence of a 
foraging substrate on the behaviour and stress physiological response of individually housed 
gilts. Appl. Anim. Behav. Sci. 86: 15-25. 
 
Duff, G. C., and M. L.Galyean. 2007. Board-invited review: recent advances in management 
of highly stressed, newly received feedlot cattle. J. Anim. Sci. 85: 823-840. 
 
Engle, T., J. Spears, L. Xi, and F. Edens. 2000. Dietary copper effects on lipid metabolism 
and circulating catecholamine concentrations in finishing steers. J. Anim. Sci. 78:2737-2744.  
Ferdous, F., D. Maurice, and T. Scott, T. 2008. Broiler chick thrombocyte response to 
lipopolysaccharide. Poultry. Sci. 87: 61-63. 
 
Goldansaz, S. A., A. C. Guo, T. Sajed, M. A. Steele, G. S. Plastow, and D. S. Wishart. 2017. 
Livestock metabolomics and the livestock metabolome: A systematic review. PloS one 12: 
e0177675.  
 
Grace, N., and S. Knowles. 2015. Taking action to reduce the risk of copper toxicity in 
cattle. Vet. Rec. 177: 490-491. 
 
Grandin, T. 1997. Assessment of stress during handling and transport. J. Anim. Sci. 75:249-
257.  
 
Haase, H., and L. Rink. 2007. Signal transduction in monocytes: the role of zinc ions. 
Biometals 20:579.  
 
Hidalgo, J., M. Giralt, J. S. Garvey, and A. Armario. 1988. Physiological role of 
glucocorticoids on rat serum and liver metallothionein in basal and stress conditions. Am. J. 
Physiol. Endoc-M.  254:E71-E78.  
 
Hood, M. I., and E. P. Skaar. 2012. Nutritional immunity: transition metals at the pathogen–
host interface. Nat. Rev. Micro. 10:525.  
 
Hu, C., J. Van Dommelen, R. Van Der Heijden, G. Spijksma, T. H. Reijmers, M. Wang, E. 
Slee, X. Lu, G. Xu, and J. Van Der Greef. 2008. RPLC-Ion-Trap-FTMS method for lipid 
profiling of plasma: Method validation and application to p53 mutant mouse model. J. 
Proteome. Res. 7: 4982-4991.  
 
Hutcheson, D. P. and N. A. Cole. 1986. Management of transit-stress syndrome in cattle: 
Nutritional and environmental effects. J. Anim. Sci. 62: 555-560. 
 
Itoh, N., K. Kasutani, M. Kanekiyo, T. Kimura, N. Muto, and K. Tanaka. 1999. Synergistic 
activation of mouse metallothionein-I gene by interleukin-6 and glucocorticoid. 
In Metallothionein IV: 267-272.  
 
Johnson, R. W., and E. Von Borell. 1994.. Lipopolysaccharide-induced sickness behavior in 
pigs is inhibited by pretreatment with indomethacin. J. Anim. Sci. 72: 309-314 
154 
 
 
 
Jorritsma, R., H. Jorritsma, Y. Schukken, and G. Wentink. 2000. Relationships between fatty 
liver and fertility and some periparturient diseases in commercial Dutch dairy herds. 
Theriogenology. 54:1065-1074.  
 
Kim. S., K. Watanabe, T. Shirahata, and M. Watarai. 2004. Zinc uptake system (znuA locus) 
of Brucella abortus is essential for intracellular survival and virulence in mice. J. Vet. Med. 
Sci. 66: 1059-1063. 
 
Kincaid, R. L., 2000. Assessment of trace mineral status of ruminants: A review. J. Anim. 
Sci. 77: 1-10. 
 
Loerch, S., and F. Fluharty. 1999. Physiological changes and digestive capabilities of newly 
received feedlot cattle. J. Anim. Sci. 77:1113-1119.  
 
Maret, W. 2005. Zinc coordination environments in proteins determine zinc functions. J. 
Trace. Elem. Med. Bio. 19:7-12.  
 
Marikovsky, M., V. Ziv, N. Nevo, C. Harris-Cerruti, and O. Mahler. 2003. Cu/Zn superoxide 
dismutase plays important role in immune response. J. Immunol. 170:2993-3001.  
 
Marques, R. S., R. F. Cooke, C. L. Francisco, and D. W. Bohnert. 2012. Effects of twenty-
fourhour transport or twenty-four hour feed and water deprivation on physiologic and 
performance responses of feeder cattle. J. Anim. Sci. 90: 5040-5046. 
 
McGarry, J. D., and N. F. Brown. 1997. The mitochondrial carnitine palmitoyltransferase 
system—from concept to molecular analysis. Eur. J. Biochem. 244 :1-14.  
Nockels, C. F, J. DeBonis, and J. Torrent. 1993. Stress induction affects copper and zinc 
balance in calves fed organic and inorganic copper and zinc sources. J. Anim. Sci. 71: 2539-
2545. 
Prasad, A. S. 2009. Zinc: role in immunity, oxidative stress and chronic inflammation. Curr. 
Opin. Clin. Nutr. 12:646-652.  
 
Puvadolpirod, S., and J. P. Thaxton. 2000. Model of physiological stress in chickens 4. 
Digestion and metabolism. Poultry science 79: 383-390. 
Scalbert, A., L. Brennan, O. Fiehn, T. Hankemeier, B. S. Kristal, B. van Ommen, E. Pujos-
Guillot, E. Verheij, D. Wishart, and S. Wopereis. 2009. Mass-spectrometry-based 
metabolomics: limitations and recommendations for future progress with particular focus on 
nutrition research. Metabolomics 5:435.  
 
Schwartzkopf-Genswein, K. S., K. A. Beauchemin, D. J. Gibb, D. H. Crews Jr., D. D. 
Hickman, M. Streeter, and T. A. McAllister. 2003. Effect of bunk management on feeding 
behavior, ruminal acidosis and performance of feedlot cattle: A review. J. Anim. Sci. 81: 
E149-E158. 
155 
 
 
 
Selye, H., 1956. The stress of life. New York, McGraw-Hill Book Company Inc. 
 
Song, M., D. A. Schuschke, Z. Zhou, T. Chen, W. M. Pierce Jr, R. Wang, W. T. Johnson, and 
C. J. McClain. 2012. High fructose feeding induces copper deficiency in Sprague–Dawley 
rats: a novel mechanism for obesity related fatty liver. J. Hepatol. 56(2):433-440.  
 
Suttle, N. F. 2010. Mineral nutrition of livestock. 4th ed. Cabi Publishing, Wallingford, UK. 
 
Vera, F., R. R. Zenuto, and C. D. Antenucci. 2012. Differential Responses of Cortisol and 
Corticosterone to Adrenocorticotropic Hormone (ACTH) in a Subterranean Rodent (C 
tenomys talarum). J. Exp. Zool. Part. A. 317: 173-184. 
 
Verkerk, G. A., and K. L. Macmillan. 1997. Adrenocortical responses to an 
adrenocorticotropic hormone in bulls and steers. J. Anim. Sci. 75: 2520-2525. 
 
Webel, D. M., B. N. Finck, D. H. Baker, and R. W. Johnson. 1997. Time course of increased 
plasma cytokines, cortisol, and urea nitrogen in pigs following intraperitoneal injection of 
lipopolysaccharide. J. Anim. Sci. 75: 1514-1520. 
 
Yoshida, C. and T. Nakao. 2005. Response of plasma cortisol and progesterone after ACTH 
challenge in ovariectomized lactating dairy cows. J. Repod. Development. 51: 99-107. 
 
  
156 
APPENDIX. ADDITIONAL TABLES 
Appendix table 1. Unidentified plasma metabolites as affected by copper supplementation and feed restriction 
      Adjusted P-value2 q-values2 
Metabolite concentration, mM CON1 SUPP1 Adlib1 LIMIT1 SEM Copper FRC Copper FRC 
5H,10H-5,10-Ethenol, amino-1H-[1,2,4]triazolo 
[1,2-b]phthalazine-1,3(2H)-dione, 2-methyl- 0.0018 0.0019 0.0006 0.0060 0.00012 0.997 0.15 0.997 0.12 
erythro-2-diphenylphophinoyl 
1-phenyl-3-piperidinopropanol 0.0010 0.0012 0.0051 0.0002 0.00125 0.997 0.13 0.997 0.10 
RI=1008.3, 8.1574 min, 18 0.0043 0.0034 0.0043 0.0034 0.00067 0.997 0.86 0.997 0.72 
RI=1018.5, 8.2762 min, 16 0.0027 0.0041 0.0034 0.0033 0.00070 0.997 0.99 0.997 0.78 
RI=1053.6, 8.6846 min, 18 0.0026 0.0033 0.0065 0.0013 0.00097 0.997 0.15 0.997 0.16 
RI=1082.0, 9.0148 min, 18 0.0932 0.0925 0.1146 0.0752 0.00938 0.997 0.51 0.997 0.44 
RI=1096.1, 9.1794 min, 16 0.0994 0.1017 0.1087 0.0874 0.00804 0.997 0.63 0.997 0.53 
RI=1103.5, 9.2661 min, 18 1.32 1.47 2.18 0.891 0.2113 0.997 0.21 0.997 0.16 
RI=1122.4, 9.4851 min, 18 0.0038 0.0041 0.0030 0.0052 0.00032 0.997 0.55 0.997 0.46 
RI=1133.3, 9.6124 min, 18 0.0010 0.0016 0.0037 0.0005 0.00074 0.997 0.17 0.997 0.13 
RI=1136.5, 9.6498 min, 18 0.0055 0.0046 0.0042 0.0059 0.00042 0.997 0.68 0.997 0.58 
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Appendix table 1. (continued) 
1CON: 0 mg supplemental Cu/kg DM; SUPP: 10 mg supplemental Cu/kg DM; ADLIB: ad-libitum feed intake during the 5 d feed 
restriction period; LIMIT: Restricted intake of 50% of pen DMI as determined during the 15 d pre-restriction period.  
2Adjusted P-values: False discovery rate determined from P-values for the effects of Cu supplementation (copper) or feed restriction (FRC) 
treatments; Copper x FRC adjusted P > 0.99 for all metabolites. q-values: calculated from non-adjusted p-values to control for multiple 
hypothesis testing; Copper x FRC q-value > 0.99 for all metabolites 
 
      Adjusted P-value2 q-values2 
Metabolite concentration, mM CON1 SUPP1 Adlib1 LIMIT1 SEM Copper FRC Copper FRC 
RI=1151.3, 9.8221 min, 18 0.0042 0.0060 0.0052 0.0049 0.00111 0.997 0.99 0.997 0.78 
RI=1157.0, 9.8883 min, 18 0.0260 0.0214 0.0203 0.0274 0.00182 0.997 0.65 0.997 0.54 
RI=1267.0, 11.1693 min, 18 0.0026 0.0035 0.0077 0.0012 0.00137 0.997 0.15 0.997 0.12 
RI=1287.0, 11.4019 min, 18 0.0029 0.0030 0.0045 0.0020 0.00044 0.997 0.30 0.997 0.24 
RI=1413.9, 12.8789 min, 18 0.0120 0.0127 0.0106 0.0144 0.00181 0.997 0.81 0.997 0.69 
RI=1592.4, 14.9579 min, 18 0.0021 0.0025 0.0019 0.0028 0.00028 0.997 0.74 0.997 0.61 
RI=1839.9, 17.8390 min, 18 0.0023 0.0021 0.0017 0.0029 0.00012 0.997 0.34 0.997 0.27 
RI=987.9, 7.9197 min, 18 0.0066 0.0068 0.0065 0.0068 0.00034 0.997 0.95 0.997 0.75 
